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RESUMEN
Desde la irrupción de la fibra óptica en las telecomunicaciones, han 
surgido multitud de desarrollos basados en sus propiedades. Así, 
en las últimas décadas, la rápida evolución de los sistemas basados 
en fibra óptica, así como la aparición en el mercado de dispositivos 
como los amplificadores ópticos, los láseres de semiconductor de alta 
potencia, y otros elementos, ha hecho avanzar considerablemente la 
investigación en este campo. Además de la utilización de la fibra óptica 
en telecomunicaciones, han surgido nuevas aplicaciones, generando 
nuevas familias de dispositivos. Dos de ellas particularmente 
interesantes, son los láseres de fibra óptica y los sensores de fibra 
óptica. Ambas familias pueden combinarse de manera que  sensores 
y redes de sensores de fibra óptica pueden interrogarse por medio de 
láseres de fibra óptica. En este marco de investigación se centra esta 
tesis, donde se han desarrollado estructuras avanzadas de fibra óptica 
para láseres y sensores. El objetivo ha sido mejorar las propiedades 
de los láseres de fibra, sensores y sus sistemas de monitorización, 
así como abordar los diferentes problemas que éstos presentan 
actualmente. Los retos encontrados, así como los objetivos de cada 
sistema, varían en función del tipo de sistema desarrollado. De esta 
forma, la primera parte de este trabajo ha sido dedicada al desarrollo 
de láseres de fibra óptica, buscando mejorar sus propiedades en 
términos de estabilidad, relación señal ruido, modos longitudinales, 
múltiples líneas de emisión y anchura de las mismas. Se han abordado 
diferentes tipos de configuraciones clásicas de láseres en anillo y de 
cavidad lineal. También se han realizado estudios de láseres de cavidad 
distribuida mediante dispersión Rayleigh (random). Estos láseres han 
suscitado gran interés en los últimos años dado que no presentan 
modos longitudinales. Por otro lado en el ámbito de la monitorización 
de sensores, se han desarrollado transductores ópticos basados en 
fibras micro-estructuradas, aprovechando las ventajas que éstas 
presentan en comparación con las fibras ópticas estándar. Finalmente 
se han  desarrollado diferentes configuraciones de sistemas sensores 
con el objetivo de contribuir a la mejora de alguno de sus parámetros, 
como su alcance, capacidad de multiplexación, sensibilidad, rango 
dinámico y estabilidad de los sistemas sensores.
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ABSTRACT
Optical fiber technology as well as its rapidly evolution, has attracted the 
scientific community attention to develop lasers, fiber optic transducers 
and sensor networks. In this regard, the appearance in the last decades 
of commercial devices such as optical amplifiers, semiconductor high 
power lasers and others, has contributed to the rise of this technology. 
In this framework, a contribution to the improvement of the performance 
of fiber lasers and fiber optic sensors is presented in this PhD. work, 
taking into account their main merits and addressing their principal 
challenges. The challenges as well as the objectives addressed in each 
design vary depending on the application. In this way, the first part of 
the thesis has been dedicated to the development of optical fiber lasers. 
And it is focused on improving their properties in terms of stability, 
signal noise ratio, longitudinal modes, multiwavelength emission and 
bandwidth of the emission lines. Different classical configurations 
based on ring and linear cavity lasers have been addressed. Also, 
random cavity lasers, which have attracted great interest in recent years 
due to their longitudinal modeless behavior, have been studied. On 
the other hand, in the field of sensor monitoring, optical transducers 
based on micro-structured fibers have been developed, exploiting their 
advantages in comparison with standard optical fibers. Finally different 
optical sensor networks have been developed, whose main goal 
have been the improvement of features such as monitoring distance, 
multiplexing skill, sensitivity, dynamic range and stability. 
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1.1 MOTIVATION AND OBJETIVES
Optical fiber technology as well as its rapidly evolution, has 
attracted the scientific community attention to develop lasers, 
fiber optic transducers and sensor networks. In this regard, 
the appearance in the last decades of commercial devices 
such as optical amplifiers, semiconductor high power lasers 
and others, has contributed to the rise of this technology.
Optical fiber lasers present good features such as simplic-
ity, compactness, reliability, low intensity noise, low insertion 
loss and high compatibility with other optical components. 
These properties make them an attractive alternative for tele-
communications, sensors monitoring, signal process and 
microwave signal generation. In this framework, the study 
and improvement of optical fiber lasers have been one of 
the motivations of this PhD. work. Different cavity structures, 
wavelength selection methods and amplification configura-
tions for optical fiber lasers have been experimentally dem-
onstrated. The aim of these developments was to contribute 
to the improvement of certain parameters that are important 
in the fields of telecommunications and sensor monitoring, 
such as stability, output power, optical signal to noise ratio, 
and the single longitudinal mode operation. The lasers devel-
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oped here work in the C-band of telecommunications, due to 
the large number of equipment available for such wavelengths.
Optical fibers also offer efficient solutions for sensing. Fi-
ber optic sensors present appealing characteristics that 
make them very attractive when compared with conventional 
electric sensors such as immunity to electromagnetic inter-
ferences, ability to work in harsh environments, small size 
and finally, multiplexing and remote monitoring capability.
Photonic crystal fibers and microstructured fibers are a kind 
of optical fibers that present a diversity of new and improved 
features beyond what standard fibers can offer. Due to their 
unique geometric structure, they present special proper-
ties and capacities that lead to an outstanding potential as 
sensors. Because of this, one of the motivations for this PhD 
work has been the use of microstructured fibers as opti-
cal transducers for improving the measurement of physi-
cal parameters such as temperature, strain and curvature. 
Finally, the last objective of this thesis has been the devel-
opment of fiber sensor systems, based on optical fiber la-
sers and focused on covering main aspects such as remote 
monitoring, multiplexing capability, integration of sensors 
of different nature and stability and sensitivity enhancement.
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1.2 THESIS OUTLINE
This PhD. work has been structured into 6 chapters organized as follow:
After chapter 1 (this one), chapter 2 shows a brief introduction of the most im-
portant technologies in the fiber optic field that have been employed for the de-
velopment of this thesis. Many of the developed structures are based on optical 
amplification, being this the first point presented in this chapter. Next, the funda-
mental aspects of fiber lasers are shown. This section begins with a summary of 
the fiber laser merits. Hereafter, a detailed classification of fiber lasers according 
to their gain medium and their cavity design is presented. Finally, other relevant 
aspects such as single-longitudinal mode (SLM) operation and multi-wavelength 
fiber lasers are addressed. The last section of chapter 2 covers the fundamental 
aspects of fiber sensors. This section begins with their classification and an in-
troduction of their merits. Next, multiplexing and remote sensing concepts are 
shown. Hereafter, the main properties of fiber Bragg gratings (FBGs) and micro-
structured fibers (MOFs) for sensing are presented. To conclude the section, a 
brief introduction of the interferometric and polarimetric sensors used in this 
thesis, is shown.
Chapter 3 is devoted to the development of different configurations of fiber la-
sers. The aim of this chapter is to contribute to the improvement of the fiber la-
sers main parameters such as optical signal to noise ratio (OSNR) and output 
power stability. Single longitudinal mode operation with narrow emission lines 
bandwidths is also pursued. The multiwavelength operation and the indepen-
dent control of the loss of each emission line are also taken into account. In this 
regard, section 3.1 presents four new configurations of multiwavelength erbium-
doped fiber ring lasers (EDFRL), by using different methods for the selection of 
the emission lines such as FBGs, FBGs in combination with PSFBGs, Add-Drops 
and MUX-DMUX devices. Section 3.2 is dedicated to the development of a linear 
cavity laser, by using a narrow filtering technique based on the spectral overlap-
ping of two uniform FBGs in order to achieve the SLM regime. The last section 
of chapter 3 is dedicated to random distributed feedback lasers. A configura-
tion for sub-gigahertz line-width for the first time in RDFB lasers is proposed 
and experimental demonstrated, by using a narrow filtering technique based on 
a combination of FBGs with PSFBGs. Next, the configuration is extended for a 
multiwavelength laser with four narrow emission lines. Finally, to conclude this 
chapter a comparative study between a random, a ring and a hybrid ring-random 
cavity is performed. 
Chapter 4 is fully dedicated to the development of transducers based on micro-
structured optical fibers for sensor systems. The main goal of this chapter has 
CHAPTER I. INTRODUCTION6
been to exploit MOF’s features in comparison with standard fibers. MOFs present 
a low Young modulus which provides high sensitivities to strain. Also, the wide 
possibility on their cross section design allows the fabrication of high-birefrin-
gence (Hi-Bi) MOFs for polarimetric sensors. Finally, Hi-Bi MOFs fabricated with a 
single material, present low temperature dependence. Based on these character-
istics, three different MOF sensor systems are shown in this chapter.
Chapter 5 presents different optical fiber sensor systems which have been de-
signed to cover main aspects such as, remote monitoring, multiplexing, integra-
tion of different kind of transducers, instability and sensitivity enhancement. 
Section 5.1 presents two remote (200 Km and 250 Km) sensors multiplexing 
systems based on FBGs. Afterward, a fiber laser sensor system for temperature 
measurements is presented. This system is based on the detection in the electri-
cal domain of the resulting beat signal of two different SLM laser lines, which are 
generated by an EDFRL. Next, section 5.3 presents a 50 Km long switchable EDFRL 
system for sensors remote multiplexing. This system allows the integration of 
different interrogation methods, based on wavelength or amplitude detection. 
Afterward, a novel multi-wavelength ring laser configuration for sensing applica-
tions by means of a DWDM and four FBGs is experimentally demonstrated. The 
last part of chapter 5 is dedicated to present a new fiber laser system for enhanc-
ing fiber-optic intensity sensor measurements, based on a resonant ring cavity. 
The main advantage of this method is its ability to increase the dynamic range of 
an intensity sensor up to 15 dB, while keeping good stability values. This concept 
is tested for a displacement sensor based on fiber optic bendings. A study of 
different topologies (3 based on an EDFRL with different filters and another one 
based on a random fiber laser) is also carried out.
The main conclusions of this PhD. work and the open research lines are reported 
in chapter 6.
Finally, author´s publications list concerning the Ph.D. work is attached as an 
appendix.
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This chapter is mainly dedicated to introduce briefly the most impor-
tant technologies in the fiber optic field that have been employed in 
chapters 3, 4 and 5. Because this overview is far from complete, an ex-
tensive bibliography about the actual state of the art is also provided. 
Most part of the structures developed along this Ph.D. work are based 
on optical amplification, therefore this is the first point presented in 
this chapter. Next the fundamental aspects of fiber lasers (merits, clas-
sification, cavity designs, single longitudinal mode operation and 
multiwavelength fiber lasers) are also provided. Finally, fundamental 
aspects of fiber sensors (merits, classification, multiplexing, remote 
monitoring, fiber Bragg gratings technology, photonic crystal and mi-
cro structured fibers, and interferometric sensors) are shown as well.
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2.2 OPTICAL AMPLIFIERS
An optical amplifier can be defined as a device that increases the power of an op-
tical signal directly in the optical domain. The physical phenomenon responsible 
for amplification is stimulated emission, introduced by Albert Einstein [1]. Unlike 
spontaneous emission, the photons generated by the stimulated emission pro-
cess present the same characteristics as the stimulating photons, which make 
the former indistinguishable from the last ones. This way, a light beam can be 
amplified when crossing a material medium where stimulated emission is stron-
ger than absorption. In order to achieve this condition, the atoms of the material 
medium used in a fiber optic amplifier must be excited by what is called pump 
energy, part of which gets transferred to the amplifier light beam [2].
The development of the first amplifiers in single mode optical fibers dates back 
to the second half of the 1980s [3, 4]. This development opened the possibility 
of substituting the opto-electronic regenerators of communications networks, by 
optical amplifiers. Thus after the demonstration of fiber-optic amplifiers a lot of 
effort was made to rapidly achieve commercial devices.
The performance of optical amplifiers keeps improving by increasing their band-
width, gain, spectral response flatness, output power and reducing noise figures. 
In addition, new types of amplifiers are becoming commercially available, not 
only for telecommunication amplification purposes, but also for a wide variety of 
optical processing tasks such as fiber lasers generation and sensors interroga-
tion.
2.2.1 TYPES OF OPTICAL AMPLIFIERS
Optical amplifiers (OA) can be classified depending on different parameters. Ta-
ble 2.1. shows this classification for the main types of optical amplifiers. Firstly, 
according to the amplifying material, amplifiers can be differentiated in optical 
fiber amplifiers (rare earth doped fiber, Raman and Brillouin) or semiconductor 
optical amplifiers (SOA). These last ones present advantages as their small size 
and their ability to be integrated in a substrate along with light sources, detectors 
and other optical waveguide type devices. However, their major drawbacks are 
their difficult connection to optical fibers, higher noise levels, and polarization 
dependence, in comparison with optical fiber amplifiers.
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OPTICAL AMPLIFIERS

















Regarding to the operating mechanism we can distinguish between the stimu-
lated emission on which are based rare earth doped amplifiers and SOAs, and 
stimulated scattering in the cases of Raman and Brillouin amplifiers. For the first 
group, the stimulated emission is achieved by using special doping ions into the 
fiber cores as in EDFAs. In semiconductor amplifiers, two amplifying structures 
have been used: initially Fabry-Perot cavities and nowadays, the travelling wave 
configuration. On the other hand, Raman and Brillouin amplifiers are based on 
stimulated scattering along standard fibers. 
Less utilized optical amplification mechanisms are also possible, such as para-
metric interactions (OPAs) [5]. This family of amplifiers is based on the four-wave 
mixing (FWM) nonlinear process and it was reported for the first time by Stolen 
in 1975 [6].   
Finally, it should be mentioned that planar waveguide amplifiers such as EDWAs 
[7-9] and Er doped Lithium Niobate waveguides [10, 11] have been also devel-
oped offering reduced dimensions but lower gains that their fiber counterparts.
The election of the amplification type will depend on the application to cover. For 
the lasers and sensors developed in this Ph.D. work, erbium doped and Raman 
amplifiers have been employed. Both amplifications methods are explained in 
detail below, but first Table 2.2 shows their typical characteristics.
TABLE 2.1. Main types of optical amplifiers.
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PROPERTY EDFA RAMAN
Amplification band 1530-1560 nm Depends on the pump wavelength
Gain BW 30 nm 25 nm per pump
Noise figure 3-5 dB
5-6 dB (lumped)
Better with distributed amplification
Gain 
25-40 dB (weak 
signal operation)
10-40 dB
Pump wavelength 980 or 1480 nm
100 nm (13 THz) shorter than ampli-
fied signal
Pump power 20-200 mW 0.35-5 W
Saturation power 10-20 dBm 10-25 dBm
Direction Bidirectional Bidirectional
2.2.2 ERBIUM DOPED FIBER AMPLIFIERS
An erbium doped fiber amplifier is an optical amplifier that consists of a fiber 
whose core has been doped during the manufacturing process with Er3+ ions. By 
pumping them at a suitable wavelength, optical gain is provided through popula-
tion inversion and stimulated emission. Erbium is a rare-earth and it is important 
to note that there are others rare-earth utilized amplifiers whose main differenc-
es are the gain operation band and the energy levels system [12]. In this regard, 
EDFAs are the most commonly used amplifiers because they present an opera-
tion band in the 1.53 mm to 1.55 mm wavelength range, which corresponds to the 
C-band. This band is used nowadays for communications because of the low loss 
exhibited by silica fibers on these wavelengths.
The principle of operation (Figure 2.1) is based on getting the population inver-
sion of the Er3+ ions at the E
2 





 corresponds to the 1550 nm band. Different transitions can 
be used to pump an EDFA. The different energy levels, E
3
 (0.84 eV), E
4
 (1.27 eV) 
and E
5
 (1.54 eV) can be reached by pumping at 1.48 mm, 0.98 mm and 0.81 mm 
respectively. However the most efficient pump corresponds with 0.98 mm. The 




 but also, transitions 
from E
2
 to a higher order energy level that not contributes to the amplification and 
therefore reduces the efficiency of the pump power. On the other hand, pumping 
at 1.48 mm requires longer fibers and higher powers than pumping at 0.98 mm be-
cause its wavelength corresponds with the tail of the EDFA’s absorption band [13].
TABLE 2.2. Comparison of the main characteristics of EDFA and Ra-
man amplifiers.
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is obtained. The electrons decay rapidly from this level to E
2
, which has a long 
lifetime of about 10ms. This decay involves energy losses by radiationless transi-
tions (phonon emissions) and is very rapid. The accumulation of electrons at E
2
 




, and give rise to stimulated 




. Therefore, when the signal to be amplified 
at 1.55 mm cross the gain medium, and the population inversion condition is ful-





the amplification. It is important to note that in order to achieve light amplifica-
tion, the stimulated emission must exceed the absorption or otherwise, the input 
photons will be absorbed to reach E
2
. 
Some of the electrons at E
2




 which will give 
rise to unwanted noise in the amplified light signal (ASE). Further, if the erbium 
doped fiber is not pumped, it will act as an attenuator absorbing the 1.55 mm in-
put signal increasing the population of the E
2
 level which could be returned back 
to E
1
 by spontaneous emission with a random behavior.
A typical scheme for a doped fiber amplifier is depicted in Figure 2.2. Light emit-
ted by the pump lasers is coupled to the fiber through wavelength multiplexers 
which mixes the pump and the signal to be amplified. 
FIGURE 2.1. Energy diagram for the Er3+ ion into silica glass fiber medium. Light 
amplification by stimulated emission from E2 to E1 is also shown. Dashed arrow in-
dicates radiationless transitions (energy emission by lattice vibrations).
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The pumping scheme can be bidirectional or unidirectional. In the latter case, 
there are two options, co-propagating pump if the pump and the signal have 
the same directions and counter-propagating if they have opposite directions. 
While counter- propagating pumping is usually more efficient in terms of provid-
ing gain than co-propagating one, this last configuration yields lower noise power 
[2]. Therefore, the optimum pumping scheme must be chosen for each particular 
situation. 
2.2.3 FIBER RAMAN AMPLIFIERS
Fiber Raman amplifiers (FRA) are based on the stimulated Raman scattering 
(SRS), a nonlinear effect that occurs in optical fibers. During Raman scattering, 
light incident on a medium is converted to a lower frequency. A pump photon up 
excites a molecule up to a virtual level (nonresonant state). The molecule quickly 
decays to a lower energy level emitting a signal photon us  in the process (Figure 
2.3). The difference in energy between the pump and signal photons is dissi-
pated by the molecular vibrations of the host material. These vibrational levels 
determine the frequency shift and shape of the Raman gain curve. The frequency 
difference between the pump and the signal photon (T = up  - us )is called the 
Stokes shift, and in standard transmission fibers with a Ge-doped core, the peak 
of this frequency shift is about 13.2 THz ( 100 nm @ 1.5mm) and has a full-width 
at half maximum (FWHM) close to 6 THz [13, 14].
FIGURE 2.2. Typical scheme of an erbium doped fiber amplifier.
W
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SRS presents the following fundamental properties that must be taken into ac-
count to design a FRA [15-17]:
Firstly, the Raman gain is determined by the Stokes shift. Therefore, by choosing 
properly the pump wavelength, it could be achieved amplification almost at any 
wavelength. This spectral flexibility of Raman amplification allows to tailor the 
gain spectrum by combining multiple pump wavelengths to give an overall flat 
profile.
Secondly, Raman gain can be obtained regardless of the relative propagation di-
rection of pump and signal. Consequently, Raman amplification can be achieved 
by forward, backward or bidirectional pumping with respect to the signal. For-
ward pump provides better performance from the noise viewpoint since the 
signal experiences amplification before decaying, but suffers from elevated non-
linear effects due to higher optical power levels. On the other hand, backward 
pump reduces the presence of nonlinear effects and also minimizes the transfer 
of relative intensity noise (RIN) from the pump laser to the signal [14]. Finally, 
bidirectional pumping offers the best option at the cost of an extra pump.  
Thirdly, Raman amplifiers present a relatively poor pump absorption efficiency 
in comparison with other amplifiers such EDFAs. Therefore, they require longer 
fibers in order to achieve the same gain, about tens of kilometers in the case of 
single-mode fibers (SMFs). However, this distance can be reduced by using fibers 
with a smaller core, such as dispersion compensated fibers, accomplishing the 
amplification using few kilometers of these fibers [18].
Finally, in Raman amplifiers there are two main noise sources, amplified spon-
taneous scattering (ASS) and Rayleigh backscattering (RBS). The ASS is due to 
the amplification of spontaneously scattered photons, which is an unavoidable 
FIGURE 2.3 Schematic of the quantum mechanical process that takes place during 
Raman scattering.
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by-product of gain in all optical amplifiers. It is bidirectional, has a random po-
larization and fills a broad bandwidth. RBS makes a marked contribution to the 
amplifiers total noise. This noise comes from the scattered light due to the local 
microscopic material inhomogeneities. The scattered light, as also happens to 
the input signal, is amplified along the fiber by the Raman effect, increasing the 
overall noise and, depending on the pump power level, may even generate a 
double Rayleigh backscattering. This last effect is the operation principle of ran-
dom lasers, which are explained in section 2.3.3.4.
2.3 OPTICAL FIBER LASERS
A basic fiber laser scheme requires of two key elements, a gain material that pro-
vides amplification and an optical cavity that traps the light creating a positive 
feedback.  Therefore, a fiber laser can be achieved by inserting an optical fiber 
amplifier in a cavity designed to provide optical feedback. In this case, the lasing 
condition is reached when the total gain in the cavity overcomes the total cavity 
loss.
The first fiber laser was demonstrated by E. Snitzer as early as 1961, by using a 
neodymium-doped glass fiber [19]. During the next years, other pioneering works 
were published [20, 21]. In 1970s Stone et al. realized the first silica-based fiber 
lasers [22, 23]. In 1980s the arrival of practical rare-earth based fiber amplifi-
ers allowed the development of new fiber lasers based on these materials [24]. 
The initial emphasis was focused in neodymium (Nd) due to its high efficiency. 
However, thereafter Er doped fiber lasers would become as the best option. The 
first erbium doped fiber laser was developed in 1986 by Mears et al. [25]. Since 
that time, Er doped fiber lasers have received much attention from fiber-optical 
telecommunications, because, as was seen before, the ions of Er doped fibers 
have a radiative transition around 1.55 mm corresponding with the lowest loss 
transmission window in silica fiber [26].
On the other hand, Raman fiber lasers were demonstrated in the 1970s [27]. 
However, due to the high power pumps requirements of Raman amplification, 
practical lasers based on this technology appeared in the mid-nineties when 
high-power lasers became available.
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2.3.1 MERITS OF FIBER LASERS
Fiber lasers have been thoroughly investigated in the last years allowing the de-
velopment of commercial devices. This technology presents many advantages 
over other laser types. It is natural to contrast different kind of lasers, in particular 
when they are used in overlapping application areas.  In this regard, fiber laser 
technology presents good features such as simplicity, compactness and reliabil-
ity among others, which make them an attractive alternative for industrial appli-
cations. Some of the merits of fiber lasers are [26]:
High pump intensity: Since glass fiber cores can be made having only a few mi-
crons in diameter, the small mode field diameter of the waveguided pump light 
yields a much higher pump power density in a fiber laser than in a bulk device, 
and therefore a reduced lasing threshold. This feature is particularly important in 
three-level systems.
Signal and pump light waveguiding: The excellent mode overlap between the 
signal and pump light and the guaranteed parallelism between the two light 
beams allows efficient laser operation.
Independence of pump spot size and gain medium length: In a bulk gain me-
dium, since the pump beam is divergent, there is a relationship between the 
optimum gain medium length and the pump spot size. However, for a fiber laser, 
the two parameters are independent. This added a degree of freedom which al-
lows the doping density to be kept sufficiently low to avoid unwanted ion-ion 
interactions like cooperative up-conversion. The possibility of using an arbitrarily 
long gain medium allows us to utilize the weak pump absorption lines to excite 
the lasing transition. This can be of practical importance if that weak pump band 
were to coincide with the wavelength of commercially available laser diodes. It 
also permits the use of weak radiative transitions, as in the case of the L-Band 
erbium-doped fiber amplifiers.
Compact gain medium: In optical fibers the gain medium can be arbitrarily long, 
yet compact. High quality silica fiber can be coiled to small bend radii (about 10 
mm) and can be packaged in many different ways.
Heat dissipation: The small diameter of the fiber allows a good heat dissipation, 
thus greatly reducing the occurrence of heat-related problems like thermal lens-
ing, thermal gradient-induced stresses and reduced fluorescence at high tem-
perature.
Beam quality: A single mode optical fiber will provide a diffraction limited beam 
up to very high output powers.
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Robustness: An all-fiber laser cavity is much more robust to mechanical perturba-
tions than a free-space laser. Also, there is no need for further optical alignment 
once every component is spliced.
Easy design: There are many possible laser cavity designs and configurations, 
which are less cumbersome and more stable than their bull optics counterparts.
However, on the other hand, fiber laser technology presents different challenges 
regarding to nonlinear effects, instability, requirements of equalization control in 
multiwavelength lasers and single longitudinal mode operation. These problems 
will be addressed in this Ph.D. work.
2.3.2 OPTICAL FIBER LASERS DEPENDING ON THE GAIN MEDIUM
Optical fiber lasers can be achieved by using one of the amplification processes 
presented before, being the most important families: Erbium doped fiber lasers 
(EDFL), Raman fiber lasers (RFL), Brillouin fiber lasers (BFL) and SOA based fiber 
lasers. Also, there are fiber lasers based on hybrid gains such as Brillouin/Erbium 
[28, 29], Raman/Brillouin [30, 31] and Raman/Erbium [32, 33] fiber lasers. Along 
this work different fiber EDFLs and RFLs have been developed, and their principal 
features are presented below
2.3.2.1 ERBIUM DOPED FIBER LASERS
Erbium doped fiber lasers (EDFLs) have become an essential reference within 
the family of fiber lasers. Their applications extend from sensing to telecommu-
nications fields: dense wavelength-division multiplexing [34], fiber optic sensors 
interrogation [35], optical signal processing [36], sensor network multiplexing 
schemes [37], optical spectroscopy [38] and soliton sources [39] among others. 
Rare earth doped fiber lasers can operate in several wavelengths regions. 
As seen before, the high interest in the 1.55 mm region prompted the develop-
ment of commercial EDFAs for communications and their uses for developing 
EDFL. However, this kind of devices is optimized for communications and only is 
allowed the control of the pump power. In this regard the use of different sections 
and types of EDFs allows the control of different design parameters in the EDFLs 
development, which are described below.
Firstly, the doped fiber length is an important factor that affects to the laser 
threshold, slope efficiency and wavelength. Unpumped fiber acts as a strong ab-
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sorber at the laser wavelength, so low pumped doped fiber sections at the end 
of the amplifier increase the threshold. Therefore there is a trade-off between the 
fiber length and the available pump power. The length of the fiber also affects to 
the laser wavelength. This is due to the non-flat response of EDF. If the fiber is too 
long, the farthest fiber end from the pump source strongly absorbs the signal, 
mainly at the short wavelengths side of the gain spectrum where absorption is 
stronger. Finally, the length affects to the number of longitudinal modes in the 
laser, been this number higher when the length is increased. This last point is 
explained in detail in section 2.3.3.
Secondly, the concentration of Er in the fiber is another factor to be taken into 
account. There are studies showing that for a high concentration of Er the thresh-
old is increased, raising also the pump power requirements and reducing the 
efficiency [12]. However, on the other hand, with a high concentration of Er, the 
length of the doped fiber can be shorten significantly, and as it is mentioned 
before, this fact allows the reduction of the number of longitudinal modes in the 
laser.
Another aspect is the pump wavelength. As it was seen in section 2.2.2, EDF can 
be pumped at different wavelengths, but the most used are 0.98 mm and 1.48 
mm. The 0.98 mm pump is more effective. However, pumping at 1.48 mm offers 
the possibility of using high power laser diodes. In practice, both have been used 
to develop EDFLs with excellent performances [37, 40-42].
Finally, the selection method of the operation wavelength is an important factor 
in the EDFL design. Among the different optical filtering mechanisms, the most 
widespread are Mach-Zehnder filters [26], arrayed waveguide gratings (AWG) [43], 
Fabry-Perot filter (FPF) [44, 45], Sagnac loop mirror [46], high-birefringence fiber 
filter [47] and fiber Bragg gratings (FBG) [37, 41]. Each type of filter has its own 
good features and disadvantages as well, but the last group is the preferred. EDFL 
with FBGs can be tuned continuously while exhibiting a narrow line width. Along 
chapter 3 different EDFL with many of these filter mechanism are presented.
EDFLs present different challenges regarding to the stability and the multiwave-
length operation. Two of the main reasons for this: the homogeneous broadened 
gain and longitudinal modes of the laser cavity will be explained in sections 
2.3.2.3 and 2.3.4 respectively. 
2.3.2.2 RAMAN FIBER LASERS
Raman fiber lasers (RFL) exploit stimulated Raman scattering effect to overcome 
the fiber loss and to create a positive feedback at the shifted Stokes frequen-
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cies using the transmission fiber itself. A typical RFL consist of a fiber resonator 
in which SRS shifts the spectrum of the radiation from pump (or combination of 
pumps) propagating along the fiber, to lower frequency (≈13 THz) Stokes compo-
nents. This new wavelength can be partially trapped into the laser cavity with the 
help of FBGs or other wavelength selective methods [48].
RFLs have been thoroughly investigated and have been proposed for their utili-
zation in different fields due to their properties [48-50]. Their capability of mul-
tiwavelength operation makes them attractive continuous wave (CW) sources in 
applications such as long distance remote sensing [51, 52], optical tomography 
or super continuum generation [53, 54].
There are three main parameters to be taken into account in the design of a RFL: 
the pump source, the fiber wherein is generated the Raman effect and the wave-
length selection method.
Firstly, regarding to the pump source, there are also three main requirements that 
it must fulfill in order to optimize the RFL performance: it should be unpolarized 
due to the polarization dependence of the Raman gain; it should be able to pump 
hundreds of milliwatts due to the relative low gain coefficient of the Raman gain; 
finally, the spectrum of a particular pump should be relatively broad, a few nano-
meters, in order to avoid the onset of Brillouin scattering [55].
Also, in reference to the pump source, is important to remark that, as seen in 
section 2.2.3, Raman gain can be achieved at any wavelength as long as the 
pump wavelength is properly chosen. Therefore, multiple pumps can be used to 
broad and flatten the RFL spectrum. However when different pumps are used, 
is important to take into account that, for a flattened spectrum, it will be neces-
sary higher pump powers for shorter wavelengths, because all pumps interacts 
through SRS along the fiber and some power is transferred to longer wavelengths 
pumps within the amplifiers [56].
Secondly, we have to consider the gain medium. As seen in section 2.2.3, in Ra-
man amplification the fiber acts as the gain medium. The properties of the fiber 
can determinate the behavior of the RFL. Therefore, the choice for a RFL is based 
on five key points: to increase the gain coefficient, to reduce the effective area, 
to decrease the fiber loss, to reduce the splice loss, and the kind and quantity of 
dopant used [57].
Thirdly, different techniques have been used to provide feedback and select the 
emission wavelengths. Ring and linear cavities have been demonstrated utilizing 
different filtering structures, most of them similar to those used in EDFLs: Fabry-
Perot filters [58], Sagnac filters [59] , fiber loop mirrors [60] and FBGs [37]. Howev-
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er, nowadays there is another configuration based on random cavities, which has 
a growing interest because of this kind of RFL not presents longitudinal modes 
[61, 62]. This point will be analyzed in section 2.3.3.4.
Finally, unlike EDFAs, stimulated Raman effect presents an inhomogeneous 
broadened gain, which improves the fiber laser stability at room temperature 
[37]. This point is discussed in detail in the next section.
2.3.2.3 LINE SHAPES
Measurements of spontaneous transitions show line shapes with measurable 
width, which indicates a source of line broadening. There are two separate condi-
tions that will lead to line broadening. In the first, the atoms are all assumed to 
be identical, so the energy difference between the two levels is the same for all 
atoms. This leads to homogeneous line broadening. In the second alternative, 
inhomogeneous line broadening, the atoms are assumed to be in slightly differ-
ent environments, so the energy difference between their two states is not all the 
same [63].
Both cases are depicted in Figure 2.4, where the red and black lines represent the 
unsaturated and saturated gain curves respectively.
As seen, in a homogeneous gain medium gain is saturated uniformly over all 
frequencies. However, in an inhomogeneous medium, the gain is not saturated 
evenly for all frequencies. The saturation occurs mostly for the channels around 
the saturating signal. Thus, it is possible to have a strong gain at certain frequen-
cies even under strong saturation.
FIGURE 2.4. Effect of a saturating signal on the gain curve depending on the type of 
atomic transition spectral broadening. (a) Homogeneous broadening, (b) inhomo-
geneous broadening.
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Many phenomena determine the linewidth of an atomic transition. For free ions, 
the intrinsic linewidth broadening is related to the lifetime of the levels (i,j) in-
volved in the transition by [26]:
          (2.1)
   
Where tk = tR,k + tNR,k is the level lifetime, tR,k is the radiative lifetime and tNR,k is the 
non-radiative lifetime. When ions are incorporated into a glass matrix, the high 
frequency lattice vibrations generate phonon broadening. For solid-state lasers 
the phonon broadening is the dominant effect.
Regarding to the two gain media used in this work for fiber lasers development, 
it is well known that EDF is a homogeneous gain medium at room temperature; 
whose homogeneous linewidth exceeds 10 nm. This fact leads to strong mode 
competition and unstable lasing, thus it is difficult to obtain stable multiwave-
length EDFL [64-67]. On the other hand, Raman amplification is characterized by 
its inhomogeneous broadening. This reduces considerably the modes competi-
tion and therefore allows to obtain more stable fiber lasers than EDFL ones. 
2.3.3 FIBER OPTIC LASER CAVITIES
The most used configurations to design the cavity of fiber lasers are: Fabry-Perot 
(or linear cavity) and ring cavity. As can be seen next, both cavities present simi-
lar features, but the most important is their resonant behavior, which results in 
design challenges due to the limitations that impose longitudinal modes. How-
ever, recently a third type of cavity based on distributed random mirrors has at-
tracted much interest due to its properties, concretely the absence of longitudinal 
modes. In this section, these three fiber laser cavities and their main properties 
are presented.
2.3.3.1 LINEAR CAVITY FIBER LASERS 
In a linear cavity fiber laser, the gain medium is placed between two high-reflect-
ing mirrors. Figure 2.5 shows a schematic of a linear cavity fiber laser by using 
two identical FBGs as mirrors. 
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In these kinds of cavities, the light oscillates backwards and forward. The output 
mirror transmits a constant fraction of the light, reflecting the rest back into the 
cavity. This fact is important since it allows the laser to reach the equilibrium 
state. Thus, the power levels both inside and outside the laser become constant. 
This reflective configuration generates a resonant condition that depends on the 
fiber length. The waves reflected from the end mirrors interfere constructively 
and destructively generating strongly amplification or canceling the laser output, 
respectively. The following equation defines the resonance separation of the lon-
gitudinal modes generated in a linear cavity fiber laser:
     (2.2)
Where λ is the operation wavelength of the laser, n is the refractive index of the 
fiber and L the length of the cavity. The maximum number of modes of one emis-
sion line is limited by the bandwidth of the reflectors, and can be calculated by 
using:
Where N is the number of longitudinal modes into an emission line of the laser, 
and FWHM is the full-width at half maximum of the reflector.
Linear cavities are ideal for compact single-longitudinal mode fiber lasers due to 
their short length, in the order of centimeters. This fact in combination with the 
development of high concentration EDF, makes it possible to achieve short cavi-
ties with high output powers [68, 69].
FIGURE 2.5. Schematic of a linear cavity fiber laser.
 (2.3)
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2.3.3.2 RING CAVITY FIBER LASERS
In a ring cavity fiber laser, the gain medium is placed inside the ring. Figure 2.6 
shows a schematic of a fiber ring without mirrors. Ring cavities can obtain laser 
emission without a mirror. There are different methods to select a particular las-
ing wavelength in these lasers. The most extended method is the use of FBGs in 
reflection, nowadays in combination with circulators. This configuration not only 
allows the wavelength selection but also the ASE filtering, improving the OSNR 
of the fiber laser [41]. Other techniques are based on different interferometric 
filters: Fabry-Perot [70], Mach-Zehnder [71], Sagnac [72], polarimetrics [73] and 
others. These last kinds of filters are usually used for multiwavelength lasers gen-
eration with equally spaced emission lines. However, they present the problem of 
the difficult equalization of the individual wavelengths and the amplitudes of the 
emission lines are defined by the shape of the gain spectrum.
Usually ring cavities use the gain provided by the gain medium more efficiently in 
comparison with linear cavities [26]. In a ring cavity, the light can do round trips 
in both directions. Therefore, is often necessary to ensure unidirectional laser 
operation through the insertion of isolators or optical circulators. These optical 
components avoid the spatial hole burning effect, presented in next section. The-
oretically, a polarization controller is also needed for conventional doped fiber 
that does not preserve polarization. However, some works have demonstrated 
that the polarization control has reduced influence on the multiwavelength re-
gime [74].
FIGURE 2.6. Schematic of a unidirectional ring cavity fiber laser.
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As in linear cavities, ring configurations also generate a resonant condition that 
depends on the fiber length. Specifically, the separation of their longitudinal 
modes is twice the achieved using the same cavity length in linear cavities, and 
it is defined as:
    (2.4)
2.3.3.3 SPATIAL HOLE BURNING
At this point, it is important to introduce a concept that affects directly lasers 
based on resonant cavities. Spatial hole burning (SHB) is responsible for shaping 
the population inversion of the gain medium in standing-wave laser cavities [75].
The SHB process is shown in Figure 2.7. 
When two waves at λ1 travel counter-propagated along the gain medium, they 
will produce an interference called standing-wave, whose period is half the wave-
length (red line in Figure 2.7).This process generates periodic minima of signal 
intensity along the gain medium and therefore, at those minimum points there 
are not stimulated emission. As can be seen, the inverted population distribution 
FIGURE 2.7. Laser intensity distribution and inverted population density within a 
fiber laser due to spatial hole burning.
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has a periodical profile that is π radians out of phase with the laser intensity pro-
file within the gain medium. Such a spatial distribution leads to wasted gain [76].
2.3.3.4 RANDOM DISTRIBUTED FEEDBACK FIBER LASERS
Random distributed feedback (RDFB) fiber lasers have been the subject of in-
tense theoretical and experimental studies [61]. Random lasers are characterized 
by open-cavities or mirror-less-cavities. This means that, unlike conventional 
fiber lasers, their principle of operation relies on distributed scattering events 
along the fiber cavity.
Figure 2.8 shows a basic RDFB fiber laser setup where standard single mode 
fiber is pumped from Z=0 towards both ends of each laser´s arm [77]. As seen 
before, optical fibers present material inhomogeneities due to the fiber’s fabrica-
tion process. Owing to these inhomogeneities, Rayleigh scattering occurs and 
the backscattered light is amplified by the SRS effect in each point along the fi-
ber. These amplified Rayleigh backscattering contributions also generate double 
backscattering events along the cavity. All these random events produced inside 
the cavity generate, when the gain overcomes the losses, the random distributed 
feedback lasing process.
FIGURE 2.8. Schematic diagram of the Raman gain (red line) and laser generated 
power (blue line) distributions in a random distributed feedback fiber laser. 
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There are three different basic configurations of the RDFB fiber lasers, which are 
shown in Figure 2.9. The first one is the forward-pumped configuration (Figure 
2.9 (a)). In this configuration the pump power is co-propagated along with the 
lasing power towards the output. It can be formed by two fiber arms of length L. 
Alternatively, one of the arms can be substituted by a mirror placed at Z=0. The 
second case corresponds to a backward-pumped configuration (Figure 2.9 (b)). 
In this case the pump is counter-propagated to the fiber laser output. Its equiva-
lent configuration also consist of a mirror placed at Z=0. Finally, the last configu-
ration is a single-arm RDFB laser without any reflector (Figure 2.9 (c)), thus the 
laser is operated only by the RDFB.
The fiber length required for lasing based on the RDFB can be estimated as fol-
lows [77]. Neglecting the pump depletion due to Stokes wave generation, the 
longitudinal distribution of the Raman gain gRPP(Z) is defined by the pump power 
attenuation:
FIGURE 2.9. Schematic diagrams of the (a) forward-pumped, (b) backward-pumped 
and (c) single-arm RDFB laser configurations.
             (2.5)
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where aP W 0.057 km-1. Thus, the length of the amplification region estimated 
through the gain/loss balance condition, gRPP(LRS) = a, is:
     (2.6)
The threshold condition, for each arm of the RDFB laser, in the long length limit 
L >> 2LRS is defined by: 
         
The most remarkable property of RDFB lasers in comparison with the cavities pre-
sented before is their absence of longitudinal modes. Random lasers have infi-
nite distributed cavities along the fiber, achieving a continuous emission line as 
wide as the optical gain spectrum permits. This property avoids the mode com-
petition improving the stability of the laser, and also allows the modulation of 
random fiber lasers without the mode-locking problems of the conventional fiber 
lasers configurations [18].
2.3.4 SINGLE LONGITUDINAL MODE FIBER LASERS
Single longitudinal mod (SLM) fiber lasers have recently attracted great interest 
because they can be potentially applied in dense wavelength division multi-
plexed (DWDM) communications, fiber sensing systems, high resolution spec-
troscopy, microwave generation and other fields.
As it was seen in the previous sections, fiber lasers based on resonant cavities 
presents longitudinal modes. Figure 2.10 shows the output spectrum of a multi-
longitudinal mode operation fiber laser. As can be seen, the number of the laser 
modes is determined by the gain bandwidth, or by the filter bandwidth used for 
the emission line selection, as for example when using an FBG as a reflector.
 
(2.7)
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Longitudinal modes have high impact in the gain medium. In the case of ho-
mogeneous broadening, the waves associated with different modes within the 
same gain region are all competing for the gain. Each mode is attempting to grow 
towards reaching its saturation intensity by stimulating more emission into its 
wavelength. While the modes reach the saturation intensity, the gain curve be-
gins to decrease. This process generates power and wavelength instabilities in 
the laser. On the other hand, for the case of inhomogeneous broadening, dif-
ferent longitudinal modes can operate somewhat independently if their natural 
linewidths do not overlap, since they are not competing for the same upper laser 
level species.
Along the last years different SLM fiber lasers have been demonstrated by using 
different techniques. In [78, 79] the SLM operation is guaranteed by using un-
pumped EDF as a saturable-absorber element. Another extended way is by using 
a multi-ring cavity configuration [80, 81]  in which each ring cavity has different 
lengths and therefore different longitudinal modes separation. This way the re-
sultant cavity modes are limited by multiplying the transfer functions of the rings. 
Also the SLM operation can be achieved through the use of narrow filters, such 
as for example a fiber Bragg grating Fabry-Perot structure [82].
The measurement of the SLM operation can be achieved in diverse ways; by us-
ing a high resolution optical spectrum analyzer [41], by beating the laser itself 
and detecting the presence of the beating modes in an electrical spectrum ana-
lyzer (ESA) [83] or by beating the laser with an external SLM or a laser without 
modes, detecting a single peak at ESA [84].
FIGURE 2.10 Cavity resonance modes for a multi-longitudinal mode operated fiber 
laser.
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The SLM condition contributes not only to improve the stability of the laser but 
also to reduce the bandwidth of the emission line. For the measurement of the 
band-width (BW) of the SLM operated lasers developed in this thesis, we used 
a self-heterodyne method. This method is based on the use of part or the laser 
output itself as the local oscillator signal. Figure 2.11 shows the principle of the 
self-heterodyne method [85]. The laser output is divided into two paths by using 
a 3 dB coupler. The light through the upper branch is delayed by time td using a 
single mode fiber. The signal in the bottom branch is modulated by a frequency 
fS by using an optical modulator. The throughputs of both branches are mixed by 
using a 3 dB coupler and measured at an ESA. 
Once the spectrum has been detected, the next step is to fit it in order to deter-
mine if it shows a Lorentzian or a Gaussian shape. This point is very important be-
cause the measured bandwidth at ESA corresponds with twice the original value 
when the spectrum is Lorentzian, and       times the original when it is Gaussian.
2.3.5 MULTIWAVELENGTH FIBER LASERS
The term multiwavelength fiber lasers (MWFL) are used to denote lasers which si-
multaneously generate more than one coherent emission wavelength in a single 
cavity. MWFLs have attracted much attention in recent years, mainly because of 
their advantages and applications. Optical communication and sensing systems 
need multi-channel signals with high OSNRs and narrow bandwidth, in order to 
compensate the transmission loss and signal distortion in the transmission line.
MWFL have been widely studied, having been reported a number of structures by 
using different gain mediums [84, 86, 87] and through the use of different topolo-
gies for achieving the multiple lasing lines.  As in the previous presented sections 
FIGURE 2.11. Schematic of the self-heterodyne method.
U2
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about fiber lasers, the main techniques for the wavelength selection in MWFL 
are also based on the use of FBGs [84] , Sagnac loops [88], long-period fiber 
gratings [89] or other filtering techniques [86]. More recently, with the develop-
ment of photonic crystal fibers, MWFLs based on this technology have been also 
reported: through the use of PCFs in a Sagnac configuration [90], or by entering 
the PCF into a ring cavity [91], or including a nonlinear PCF in combination with 
FBGs or with other selective filters [92].
As it was seen before, the stability of fiber lasers is especially important in tele-
communications [34] and sensing applications [93]. Therefore much attention 
has been dedicated to laser output fluctuations in the development of the differ-
ent fiber lasers and sensor systems presented in this thesis. For this reason, it is 
important to define the parameters used for their measurement. The instability is 
defined as the output power or wavelength variations for a given interval of time 
and a specific confidence level (CL), that is the probability value associated with 
a confidence interval, given as a percentage [94]. The confidence interval (CI) is 
the estimated range of values where the parameter of interest is included.
Depending on the CL, the confidence interval (CIp) of the output power or the sig-
nal wavelength (CIw) is defined. As a consequence, the instability of the output 
power and the signal wavelength is calculated within the corresponding CI. The 
CIx, where x is p or w for the output power or the signal wavelength, respectively, 
is defined as:
Where Ycx is the average of the output power or signal wavelength, Ux is the stan-
dard deviation, and F is the uncertainty factor that shows the CL.
As it was mentioned before, SLM condition in fiber lasers is extremely important 
for some applications. In this regard, MWFL presents an interesting property in 
order to achieve this condition. Previous works demonstrated that a SLM condi-
tion can be achieved by annihilating the mode competition when two emission 
lines are presented in a laser with similar power levels, due to the interaction of 
the seed light produced from one channel to the other and vice versa. In other 
words, one channel works as an auxiliary laser to the other [41, 95]. This point 
makes more important the control of the power of the emission lines and there-
fore the possibility of their equalization, a key point which has been taken into 
account in the development of the lasers presented in this Ph.D. work.
(2.8)
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2.4 OPTICAL FIBER SENSORS
An optical fiber sensor may be defined as a device in which a parameter to mea-
sure (physical, chemical, biological or others), introduces modifications or mod-
ulations in some of the characteristics of light in an optical system [96]. The basic 
block of an optical sensor system is shown in Figure 2.12. The optoelectronic unit 
usually consists of a laser source whose signal is launched using an optical fiber 
towards the optical transducer. This element interacts with the parameter to mea-
sure, and experiments a change of one or several optical parameters: intensity, 
phase, wavelength or polarization. These changes are detected in the optoelec-
tronic unit by a detector and then, measured.
Optical fiber sensors can be classified depending on different parameters; the 
domain of the magnitude to be measured, the nature of the optical transduction 
process, the measurand modulation and finally, the spatial distribution of the 
measurand. This generic classification is presented in Table 2.3. A deep state of 
the art of each fiber-optic sensor type can be found in [96].  


























TABLE 2.3. General classification of fiber-optic sensors.
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2.4.1 MERITS OF FIBER SENSORS
Optical fiber sensors have been thoroughly investigated in the last decades al-
lowing the development of new sensor transducers, networks and interrogation 
techniques, in research as well as in commercial field. Some of the merits of opti-
cal fiber sensors are [97]:
Dielectric material: Optical fiber sensors are usually comprised exclusively of di-
electric materials which are in general chemically inert. This fact confers them 
electrical and chemical passivity that, along with the nature of the optical signal 
used in the interrogation process, makes them high interesting for applications 
with harsh environments such as corrosive, electromagnetic or with risk of explo-
sion. 
Small size: Given the sizes and nature of optical fibers, small and lightweight 
sensors can be fabricated, facilitating their integration with almost all applica-
tions.
Sensor quality: Their sensitivity, dynamic range and resolution can potentially be 
much greater than conventional sensors. These parameters can be improved by 
using interferometric techniques.
High fusion point: Optical fiber sensors can withstand relatively high tempera-
tures thanks to the high fusion point of the optical fiber. Using special coatings 
it is possible to make optical transducers that can work adequately at very high 
temperature ranges.
Remote monitoring: The low loss of optical fibers and their full compatibility with 
the fiber transducers, allows the remote monitoring of fiber sensors, at tens of 
kilometers. This means that the optical interrogation system can be installed far 
from a hostile environment in which the sensor is placed.
Multiplexing: Due to the good features of optical fibers and in combination with 
different techniques, optical fiber sensors can be multiplexed in order to reduce 
the number of active elements needed and therefore,  achieving a more cost-
effective system.
Biocompatibility: Due to this property of optical fiber sensors, in combination 
with the possibility of making small and simple interfaces between the sensor 
and the measurement point, makes them very suitable for detection of biomedi-
cal variables.
However, on the other hand, optical fiber sensors sometimes present different 
challenges such as undesired effects generated by the interrogation method, 
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nonlinearities of the fiber, noise levels, complex handling of the transducers, the 
influence of undesired measurand variable on the desired variable, and the cost 
of the system. 
2.4.2 MULTIPLEXING AND REMOTE SENSING
Multiplexing is defined as the simultaneous transmission of two or more infor-
mation channels along a common path [98]. As it was seen before, a fiber sen-
sor system includes three main parts or subsystems: the sensing elements or 
transducers, the optical fiber channel and the optoelectronic unit. Among these 
three subsystems, the optoelectronic one is the most expensive and therefore, 
by increasing the number of sensors in the system, the cost per sensing element 
decreases. Another significant point that may justify the cost of the optoelec-
tronic unit is the possibility of using it for remote sensor monitoring. This fact in 
combination with a suitable multiplexing method allows the use of one optoelec-
tronic unit for interrogating several sensors located at hundreds of kilometers.
The design of sensor systems with multiplexing and remote monitoring abilities 
requires of many passive and actives elements as couplers, switches, optical 
amplifiers and filters. These elements come from the fiber-optic telecommunica-
tions field. Therefore, this fact has helped to a fast growing of the multiplexing 
and remote sensor systems.
With regard to multiplexing, a variety of multiplexing techniques based on differ-
ent modulation formats have been developed: Wavelength Division Multiplexing 
(WDM), Time Division Multiplexing (TDM), Frequency Division Multiplexing (FDM), 
Coherence Multiplexing (CM) and Polarization Division Multiplexing (PDM) [99]. 
Figure 2.13 shows these multiplexing methods.
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Wavelength Division Multiplexing
This technique is based on the principle of that each sensor in the network modu-
lates an assigned wavelength band independently of the remaining sensors on 
the network. The interrogation of a WDM sensor network could be achieved by us-
ing a tunable laser [100], a broadband source [101, 102], or even, by using some 
sensors as “sensing mirrors” which contributes to develop a multiwavelength 
fiber laser that actuates as “self-interrogator” [51, 103].
Time Division Multiplexing 
TDM networks are based on the assignment of a different time slot for each sen-
sor. The typical TDM systems achieve this by using a pulsed source. This way, 
using optical delay elements (fiber coils), the modulated signal by the sensor is 
detected in the different slot times [104, 105].
FIGURE 2.13. Multiplexing modulation formats: a) WDM, b) TDM, c) FDM, d) CM and 
e) PDM.
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This technology presents the advantage that only a common source and detector 
are needed. However, they precise a pulsed source (or an external modulator), a 
wide-band detector and also delay elements.
Frequency Division Multiplexing
FDM topologies use a different sub-carrier frequency of the light for each trans-
ducer [106].The issue of source-induced optical coherent noise can be reduced in 
FDM networks by using multiple sources. 
Coherence Multiplexing 
This technique is able to multiplex several interferometric sensors onto a single 
fiber by using the coherence properties of a short coherence length light source. 
In a CM network, each sensor presents an optical path difference (OPD) which is 
within the coherence length of the source. The interrogation of the sensing net-
work is carried out scanning the OPD of each sensor in the receiver interferometer 
[107].
Polarization Division Multiplexing
PDM is based on the assignment of a polarization state to each sensor. The major 
problems of this technique are the polarization changes that occur continuously 
in standard fibers and cross-polarization modulation. Consequently it is neces-
sary the use of maintaining polarization elements in the network.
On the other hand, as stated before, remote sensing is another important merit 
in fiber optic multiplexing sensor systems. In general, the main idea behind the 
concept of remote sensing is the continuous monitoring of structures from a cen-
tral station located tens or hundreds of kilometers away from the field, allowing 
the central station to be far from hostile environments where sensors are placed. 
The major challenge is to achieve the maximum network distance without the 
necessity of electrical power feeds in the remote locations. In this regard, the lim-
iting factors are not only the attenuation of the fiber but also the noise generated 
by the Rayleigh scattering and the broadening of the source due to the SBS [108].
In Table 2.4 a state of the art of remote discrete fiber optic sensor systems, for 
distances higher than 50 Km, is presented. The contributions related to this the-
sis are also included in bold.










2005/[51] 50 km Raman 2 50 dB
2007/[109] 120 km
External laser source/ 
No amplification
1 24 dB
2008/[110] 230 km EDFA 1 4 dB
2010/[111] 100 km Raman+EDFA 1 30 dB





2011/[114] 200 km Raman 4 22 dB





2012/[116] 50 km OTDR/ EDFA 2 25 dB
2012/[117] 150 km Raman 3 1.5 dB





2013/[120] 50 km Raman 1 ---
2013/[121] 50 km EDFA 2 46 dB





2014/[123] 100 km EDFA 4 25 dB
2014/[124] 50 km EDFA+Raman 11 20 dB
2015/[125] 100 km Raman 2 30 dB
2.4.3 FIBER BRAGG GRATINGS
A fiber Bragg grating is an optical filter based on a periodic perturbation of the 
refractive index along a fiber length. FBGs have been thoroughly used as sensor 
elements for physical and chemical measurements [126] and can be used as nar-
rowband filters/reflectors in fiber lasers. Figure 2.14 shows the working principle 
of the FBG.
TABLE 2.4. State of the art in remote fiber optic point sensor systems. 
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FBGs present a resonance frequency which is defined by
      
where neff is the effective refractive index of the fiber core and Λ is the pitch, or 
period of the refractive index modulation. When the incident light match with λB, 
an amount of light proportional to the FBG reflectivity is reflected and the rest is 
transmitted.
A variation of FBGs, that also have been used along this thesis, are the phase 
shift fiber Bragg gratings (PSFBGs). These elements present a phase shift in the 
periodic perturbation of the refractive index, generating a narrow band pass at 
the central wavelength (Figure 2.15) [127].
The central wavelength of the FBGs and PSFBGs are defined by Equation 2.9. As 
can be seen, it depends on neff  and Λ, parameters which are susceptible to tem-
perature and strain changes. Therefore, the FBG/PSFBG wavelength experiments 
a shift according to these physical parameters. 
When longitudinal strain is applied to FBGs or PSFBGs, these components experi-
ment an expansion of the grating pitch and axial compression of the fiber. This 
FIGURE 2.14. Operation principle of a fiber Bragg grating.
(2.9)
FIGURE 2.15. Operation principle of a phase shift fiber Bragg grating.
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also induces modifications of the refractive index due to photoelastics effects. 
The relative wavelength shift, VλB, for an applied longitudinal strain Ve is given 
by
    
Where pa is an effective optical-strain constant defined as:
      
Where p11 and p12 are the components of the strain-optic tensor, and n is the Pois-
son’s ratio. For a typical optical fiber p11 =0.113 e-1, p12 =0.252 e-1,n =0.16, and neff 
=1.482 [126]. 
The normalized strain response at constant temperature is found to be [102]
With regard to the temperature effect, this occurs principally through the effect 
on the induced refractive index change. However, the thermal expansion affects 
also to the Bragg pitch. The relative wavelength shift, VλB, for an applied tem-
perature change of VT, is given by:
Where a and x are the thermal expansion and the thermo-optic coefficients, re-
spectively. For a standard fiber these coefficients are approximately  a = 0.55 . 
10-6 ºC-1 and x = 8.6 . 10-6 ºC-1 [126].
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Thus fiber Bragg gratings present a resonance which changes with physical pa-
rameters such as temperature and strain. Therefore, this property makes FBGs 
interesting transducers for sensing.
There are different techniques for the interrogation of sensors based on FBGs, 
showed in Table 2.5. They can be grouped in two main families, passive and 
active detection schemes. Passive techniques are based on the detection of 
wavelength or amplitude variations due to the measurand, by using conventional 
spectrometers, which are widely used in laboratories. However, high precision 
optical spectrum analyzers are unsuitable for real sensor systems due to their 
high cost, large size and slow scanning speed.
The election of the interrogation method depends on several factors such as pre-
cision, sensitivity, sampling frequency, number of sensors being multiplexed, 
range of the measurement, and the cost of the interrogation system. In this re-
gard, active detection has been used to improve these parameters, by using 
tracking, scanning or modulating techniques. However, is important to highlight 
that these improvements require more complex systems.





CCD spectrometer [102, 131]
Power detection [132, 133]
Identical chirped-grating pair [134]
Active detection scheme
Fabry-Perot filter [101, 135]
Mach-Zehnder interferometer [136, 137]
Fiber Fourier transform spectrometer [138, 139]
Tunable filter [124, 140, 141]
Matched FBG pair [142, 143]
Michelson interferometer [144]
LPG pair interferometer [145]
TABLE 2.5. Fiber Bragg grating sensors interrogation types.
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2.4.4 MICROSTRUCTURED AND PHOTONIC CRYSTAL FIBERS
The development of optical fiber sensors experienced a substantial change with 
the appearance of photonic crystal fibers (PCFs) in 1996 [146]. PCF geometry is 
characterized by a periodic array of air holes running along the entire length of 
the fiber, which surround a solid or hollow core. Microstructured optical fibers 
(MOFs) fulfill this geometrical characteristic, however PCFs are those that also 
satisfy a photonic band gap (PBG) light guidance condition [147].
MOF configuration provides unprecedented properties for sensing in comparison 
with standard fibers: the possibility of light guiding in a hollow core; the filling of 
the holes with gases or liquids, improvement of the strain sensitivity, tempera-
ture insensitive sensors [148], and other advantages which are described in the 
following sections.
Due to their versatility, MOF sensors have been used to measure a wide vari-
ety of physical and chemical parameters: bend/curvature [149-152]; strain/dis-
placement [153-155]; temperature [156, 157]; simultaneous strain/temperature 
[158-161];electric field [162, 163]; magnetic field [164, 165]; pressure [166, 167]; 
torsion [168, 169]; refractive index [170, 171]; vibration[172]; DNA [173]; humid-
ity[174, 175]; and gases [176-178].
2.4.4.1 PCF/MOF  GEOMETRY AND GUIDANCE MECHANISMS
Standard fibers are based on a doped solid-core enclosed by a solid-cladding 
(Figure 2.16 (a)). This configuration generates a refractive index difference be-
tween the core and the cladding that allows the light guidance. Microstructured 
optical fiber’s geometry consists of a solid or hollow core, enclosed by an ar-
ray of air holes running along the entire length of the fiber. Therefore, MOFs can 
be divided in two families based on their geometry: solid-core and hollow-core. 
Solid-core MOFs present a solid-core that can be surrounded by a periodic array 
of microscopic air-holes (Figure 2.16 (b)) or by a configuration of big holes ob-
taining a suspended-core MOF (Figure 2.16 (c)). On the other hand, hollow-core 
microstructured fibers present an air-hole as core, which is enclosed by a micro-
structured air-hole cladding (Figure 2.16 (d)). 
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There are three parameters to take into account in the design of a MOF; the di-
ameter of the core (ρ), the diameter of the air-holes in the cladding (d) and the 
distance between the center of two consecutive air holes, or pitch (Λ). These 
three physical parameters in combination with the choice of the refractive index, 
make the fabrication of MOFs more flexible than standard fibers. There are four 
different guidance mechanisms depending on the MOFs geometry and core/clad-
ding materials [179]:
•  Index-guiding – guides in a solid-core through modified total internal 
reflection (TIR)
•  Hollow-core – guides through PBG effect in a hollow-core
•  All-solid PBG - guides by PBG anti-resonant effect in a solid-core
•  Hybrid  – guidance through simultaneous PBG and TIR
The following sections are focused on solid-core MOFs because these fibers have 
been used for the development of the MOFs sensors of this Ph.D. work.
FIGURE 2.16.  Drawing of the cross section of (a) standard fiber, (b) Solid-core MOF, 
(c) Suspended-solid-core MOF and (d) Hollow-core MOF. Colors: Blue-silica, black-
doped silica, white-air.
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2.4.4.2 MODAL CHARACTERISTICS 
The modal behavior of standard step-index fibers is often described by the nor-
malized frequency or V-parameter:
Where a is the core radius and, nco and ncl are the refractive index of the core and 
cladding, respectively. The V-parameter determines the cutoff condition and the 
number of modes supported by a fiber [180]. For a single mode fiber, V must be 
less than 2.405.
In solid-core MOFs the core refractive index is greater than the average index of 
the cladding, consequently the fiber guides via total internal reflection as in stan-
dard fibers. Therefore, there are guided modes characterized by a propagation 
constant β available to light in the core but not in the cladding [181]:
Where βFSM is the propagation constant of the fundamental space-filling mode, 
k = 2π/λ is the wavenumber and nco is the refractive index of the fiber core. FSM 
is defined as the fundamental mode of the infinite MOF cladding if the core is ab-
sent, therefore βFSM represents the maximum β allowed by the cladding. The lower 
limit for β in a step-index fibers is kncl, in the same way for a MOF:
Consequently in solid-core MOFs the TIR guidance mechanism depends on the 
nature of the core and the air-holes arrangement. Thus, the V-parameter for these 
fibers is defined as [181, 182]:
Where Λ is the fiber pitch and ncl(MOF), is the cladding effective refractive index 
defined as in equation 2.17.
(2.15)      
(2.16)      
(2.17)      
(2.18)      
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However, for the case of a suspended-core MOF, due to its structure, the core can 
be considered as a micro-fiber enclosed by air. This way, the V-parameter can be 
approximated using the same equation as for standard fibers (Equation 2.15), 
taking into account that nco and ncl are, the refractive index of the core and the 
holes, respectively, or by using simulation software.
The choice of the V in the design of a MOF, not only determines its single-mode 
or multimode behavior, but also their confinement in the core. The modes con-
finement has special relevance in gas sensors, where an interaction between the 
core and the gases introduced in the cladding holes is needed.  
Also, it can be seen that MOFs present a higher number of degrees of freedom in 
the design process than standard fibers.
2.4.4.3 BIREFRINGENCE
In an ideal fiber, all polarization components should propagate at the same ve-
locity. However, real fibers exhibit considerable variations in the shape of their 
core along the fiber length. These imperfections of the fiber make a different ve-
locity propagation of the orthogonally polarized fiber modes and consequently, 
the polarization at the fiber output is unpredictable. In order to avoid the random 
birefringence in a fiber, the solution was the use of highly birefringent fibers, 
which introduce deliberately linear or circular birefringence into the fiber [180].
The degree of modal birefringence is defined by
       
where nx and ny are the refractive index of the orthogonally polarized fiber modes. 
Birefringence generates a phase lag between the orthogonally polarized modes. 
The beat length is defined as the distance along which the polarization rotates 
360 degrees or, in other words, given a phase difference between the two eigen-
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In standard OFs, birefringence can be accomplished by modifying the shape of 
the refractive index profile making the core elliptical, or by doping the cladding 
material which surrounds the core as in bow-tie or Panda OFs [183] with beat 
lengths around 4 mm at 1550 nm. Birefringence in microstructured optical fibers 
is obtained through the asymmetry of the core, due to the distribution of the air 
holes that enclose it. The first Hi-Bi MOF was presented in 2000 [184], where the 
birefringence was obtained by a regular array of air holes of two sizes surround-
ing the solid core, with a twofold rotational symmetry (Figure 2.17 (a)). This fiber 
presented a Lb=0.4 mm at 1540 nm, which is shorter than standard birefringent 
fibers. 
Another design of Hi-Bi MOF was proposed in 2001 [185]. This fiber was used 
for the sensor transducer presented in chapter 4, in its commercial version PM-
1550-01 from NKT Photonics [186]. In this MOF birefringence was introduced by 




Microstructured optical fibers present another interesting feature in comparison 
with standard fibers: a lower sensitivity to temperature variations. The low tem-
perature sensitivity characteristic is a direct consequence of their fabrication us-
ing a single material. Conventional optical fibers contain two different materials 
with different thermal (thermal expansion coefficient) and mechanical properties 
(Young’s modulus and Poisson’s ratio), which will generate high thermal stress 
when the fiber is subjected to temperature variations. However MOFs are made of 
a single material and therefore, present absence of thermal stress.
FIGURE 2.17. Microscopic picture of the (a) Hi-Bi MOF developed in [184] and (b) 
the PM-1550-01 from NKT [186].
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Temperature effect is remarkable in birefringent fibers, where the different ma-
terials of these fibers (bow-tie, elliptical core, or Panda) generate a core non-
uniform deformation with temperature changes and consequently, a change in 
the birefringence of the fundamental mode. Therefore, in strain sensors based 
on birefringence interference, temperature changes affect significantly to strain 
measurements. On the other hand Hi-Bi MOFs are made of a single material and 
present absence of thermal stress showing a negligible effect in strain measure-
ments [187].
2.4.4.5 YOUNG MODULUS
The elastic modulus describes the resistance of a material to being deformed 
elastically, when an external force is applied. The Young modulus (E) is a specific 
elastic modulus that is given when the external force is a tensile stress along one 
axis and the opposing forces are applied along that axis [188]. This is the case of 
fiber strain sensors, where a tensile stress is applied along Z axis generating an 
extensional strain in the same axis.
The Young modulus is defined by:  
     
Where s and e are the tensile stress and the extensional strain, respectively. F is 
the force applied and A the cross-section area through which the force is applied.
In chapter 4 are presented two optical fiber transducers based on suspended 
core MOFs spliced between SMFs. Therefore, the relation of the Young modulus 
between both kinds of fibers is an important parameter to take into account. Fig-
ure 2.18 shows two fibers with the same external diameter (D0), one standard 
SMF, and a suspended core MOF.  
(2.21)
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The relation between a standard fiber and a suspended core MOF, with same 
external diameters, are given by:
 
Where AMOF and EMOF are the silica area and the Young modulus of the MOF, re-
spectively. AHoles is the integration of the total holes area of the MOF. And finally, 
ASF and ESF are the area and the Young modulus of the standard fiber, respectively. 
From this relation can be concluded that the MOF presents a lower Young modu-
lus. 
2.4.5 INTERFEROMETRIC AND POLARIMETRIC SENSORS
Optical fiber interferometers have been thoroughly investigated for precision me-
trology. An interferometer converts a phase change to an intensity change. When 
two or more optical coherent signals with a phase difference are combined, the 
result is an intensity signal with a periodical response. Therefore, if the phase 
difference is generated by the parameter to be measured, it can be monitored. A 
polarimetric sensor in a single-mode fiber can be regarded as an interferometer 
in which the phase difference is generated by the two polarization eigenmodes 
in the fiber [189, 190].
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There are different interferometers that can be classified depending on the meth-
od used to generate the phase difference and therefore, to measure the different 
physical or chemical parameters. The main interferometers used for the develop-
ment of this thesis are presented below.
2.4.5.1 MULTIMODE INTERFEROMETER
Multimode interferometers are based on the different propagation constants of 
the modes in a multimode fiber (MMF). Figure 2.19 shows a basic schematic of a 
multimode sensor based on a SMF-MMF-SMF transition.
When the light is coupled from the SMF into the MMF, high-order eigenmodes 
of the MMF are excited. The number of guided modes in the MMF can be ap-
proximated by using the V-parameter presented in the section 2.4.4.2. Each ex-
cited mode is propagated along the MMF with different propagation constant and 
therefore, acquires a phase difference along their propagation along the MMF. 
The interference of the modes generates a fringe pattern that depends on:  the 
wavelength, the number of excited modes and their propagation constants, and 
the length of the MMF [191]. 
The multimode interference have been extensively used with standard multi-
mode fibers for the measurement of curvature [192], strain and temperature [191], 
refractive index [193] and simultaneous parameter measurements [194]. The ap-
pearance of microstructured optical fibers, has also allowed the development of 
multimode MOFs and therefore, the use of multimode interferometers based on 
this technology [149, 153]. 
2.4.5.2 HI-BI INLINE POLARIMETRIC INTERFEROMETER
A high birefringence inline interferometer is based on the phase difference gen-
erated between the two orthogonal axes (fast and slow) of a birefringent fiber, 
FIGURE 2.19. Schematic of a multimode interferometer.
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which causes a variation of the optical path length with the polarization state. 
Figure 2.20 shows the schematic of a Hi-Bi inline polarimetric interferometer. It is 
important to note that in order to use the interference between the two orthogo-
nal states it is necessary to add an extra element that processes the interference, 
such as a coupler or, in the case of Figure 2.20, a linear polarizer. This is because 
usual detectors respond to the power of the radiation rather than its electric field 
strength [189].
As stated before, the transmission characteristics of a high birefringent interfer-
ometer depends on the phase difference between the two orthogonal axes of 
the fiber, generating a sinusoidal transmission spectrum that can be modeled 
by [195]:
         
Where λ is the operating wavelength and, L and b are the length and the bire-
fringence of the Hi-bi fiber, respectively. Therefore, as can be seen, the output 
spectrum presents a dependence with L and b. This fact allows the measurement 
of different physical parameters such as strain or temperature, which affects di-
rectly to these terms. Figure 2.21 shows the simulated interference spectrum for 
a Hi-bi inline configuration with L= 0.2 m, b=4.25x10-4 @1550 nm and 0=0.
FIGURE 2.20. Schematic of a Hi-Bi inline polarimetric interferometer structure.
(2.24)
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2.4.5.3 HI-BI FIBER LOOP MIRROR
A Hi-Bi fiber loop mirror (FLM) is also a polarimetric interferometer. This device is 
based on a Sagnac configuration, as it can be seen in Figure 2.22, and includes 
a Hi-Bi fiber inside the ring. 
In a FLM the input light is equally splitted by the coupler to form two signals that 
travel counter-propagated along the loop. If the Hi-Bi fiber is not considered, light 
coupled across the coupler suffers a π/2 phase lag with respect to light travel-
ing straight through. Therefore the transmitted intensity in the output port is the 
sum of a clockwise field of arbitrary phase 0 and an anticlockwise field of relative 
phase  0 — π  , both of equal amplitude. This results in a zero transmitted inten-
FIGURE 2.21. Simulated interference spectrum for a Hi-Bi inline polarimetric inter-
ferometer.
FIGURE 2.22.  Schematic diagram of a Hi-Bi fiber loop mirror structure.
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sity and by conservation of energy all input light is reflected back along the input 
port.  However, if a Hi-Bi fiber is introduced in the loop, its birefringence causes a 
variation of the optical path length with polarization angle. Therefore, when both 
signals are recombined at the coupler, an interference pattern is generated which 
is wavelength dependent [196, 197]. The transmission spectrum of the Hi-Bi FLM 
(T(λ)) and its wavelength spacing (Vλ) between two maxima (or minima) can be 
described as:
Where L and b are the length and the birefringence of the Hi-Bi fiber. Figure 2.23 
shows the measured and simulated interference spectra for a Hi-bi fiber loop mir-
ror configuration with L= 3 m and b= 4.25x10-4 @1550 nm.
It is important to note that this structure has been previously used as a sensor 
in different works [197-199]. However, in this Ph.D. work, the Hi-Bi FLM has been 
used as a filter for the development of multiwavelength fiber lasers which are 
presented in section 3.1.3.
(2.25)
(2.26)
FIGURE 2.23. Interferometer spectra of a 3m Hi-Bi fiber loop mirror, (red) measured 
and (black dotted) simulated. 
CHAPTER II. OVERVIEW OF THE BASIC TECHNOLOGIES EMPLOYED54
2.4.5.4 FIBER OPTIC RING RESONATOR
A fiber optic ring resonator (FORR) is a configuration that use transverse cou-
pling in order to achieve multiple circulations of power inside a mirrorless cavity. 
A schematic of a FORR formed by using a 2x2 coupler is shown in Figure 2.24.
When the light is introduced into the input (E
1
), part of this light is coupled into 
the optical ring resonator (E
3





, which depends on the ring length (L). Therefore, an 
interferometric pattern is obtained at E
4
, which is defined by the following expres-
sion [200]:
            
Where a and L are the loss and the length of the ring, respectively, and k is the 
coupling ratio. As can be seen, the FORR output spectrum depends on the length 
and loss of the ring. Therefore, these two parameters can be used for sensing, as 
is presented in previous works [201-203] and in the experimental results of this 
Ph.D. work in section 5.5. Figure 2.25 shows the transmission response spec-
trum for a FORR configuration with k=0.9 L= 1 m and a=0.9.
FIGURE 2.24. Schematic of a FORR structure, formed by using a 2x2 coupler.
(2.27)
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2.5 CONCLUSIONS
Throughout this chapter, the fundamental aspects of the main technological con-
cepts used for the development of this thesis have been addressed. All these 
tools will be employed in the experimental sections presented in the following 
chapters.
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Optical fiber lasers have attracted considerable interest in 
recent years, not only for telecommunications applications, 
but also for instrument testing, optical signal processing and 
fiber sensors systems. This technology present a variety of 
advantages such as a simple structure, high power, low in-
tensity noise, low insertion loss, multiwavelength operation 
and high compatibility with other optical components [1-3].
As seen in chapter 2, optical fiber lasers can be classified 
in two main groups depending on the gain medium and on 
the cavity design. Firstly, depending on the gain medium, 
it can be achieved fiber lasers based on; erbium doped fi-
ber amplifiers (EDFA) [4-6], semiconductor optical ampli-
fiers (SOAs) [7] or Raman amplifiers [8-10]. On the other 
hand, depending on the fiber laser cavity design, optical fi-
ber ring lasers  [11, 12], optical fiber lasers based on linear 
cavities [4] and random fiber lasers [9, 13], can be achieved.
Throughout this chapter, different configurations of fiber la-
sers, sorted according to their cavity design, are presented. The 
aim of these designs is focused on the improvement of param-
eters such as output power, optical signal to noise ratio, stabil-
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ity and the achievement of single longitudinal mode operation.
Section 3.1 presents four multiwavelength erbium doped fi-
ber ring laser (MEDFRLs) configurations. The first one is based 
on a double FBG reflection for each wavelength in order to 
improve the OSNR and to allow the independent control of 
the loss of each emission line. The second laser is designed 
using a combination of FBG and PSFBGs in order to achieve 
a SLM laser. Finally, a comparison of two MEDFRLs based 
on Add-drops and MUX-DMUX technologies, is presented. 
Section 3.2 shows the experimental study of an erbium doped 
fiber laser based on a linear cavity. A narrow filtering technique 
based on the spectral overlapping of two uniform FBGs is used 
in order to achieve SLM operation. The laser is tested exhibit-
ing SLM operation even with temperature and strain variations.
Section 3.3 presents a study of a single-wavelength and a 
multi-wavelength random DFB fiber laser with sub-gigahertz 
line-widths for the first time to our knowledge. Both laser to-
pologies are designed using a combination of FBG and PSF-
BGs in order to achieve the narrowest linewidths up to the date.
Also, this section includes an experimental comparison of 
three fiber laser structures, a hybrid ring-random laser, a 
purely ring laser and a random fiber laser, with the same Ra-
man gain medium, in order to establish the main pros and 
cons of each basic scheme. Several aspects are taken into 
account in the study such output power, lasing threshold, 
slope efficiency, power fluctuations and the longitudinal 
modes. Also, the possible utilization of these fiber lasers in 
digital modulated optical communication systems is studied.
Finally section 3.4 summarizes the chapter’s main conclusions.
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3.1 ERBIUM-DOPED FIBER RING LASERS
3.1.1 LOW NOISE DUAL-WAVELENGTH EDFRL IN SINGLE-LONGITUDINAL-MODE 
OPERATION
As it has been mentioned in the introduction, multiwavelength EDFRLs have at-
tracted considerable interest not only for telecommunications but also for sens-
ing systems. The use of a dual-wavelength fiber laser for sensor interrogation is 
a technique which can improve the accuracy of interferometric sensor measure-
ments as it is shown in [14]. 
Erbium-doped fiber ring lasers output are susceptible to power instabilities. 
These instabilities might degrade the performance characteristics of a commu-
nication system or a sensor multiplexing network based on a laser interrogation 
scheme. The optimization of the ring laser configuration can improve consider-
ably the stability of these lasers. In this regard, the independent control of the 
loss of each emission line contributes to reduce the laser instability and also 
to obtain SLM operation, when intensity equalization of the emission lines is 
achieved [12]. 
In this section, a stable dual-wavelength EDFRL that operates in SLM condition 
is experimentally proposed and demonstrated. This laser increases the optical 
signal to noise ratio due to the low noise configuration. Besides, the topology al-
lows an independent control of the loss of each emission line improving the laser 
stability and achieving a SLM operation laser. 
Description of the laser 
The experimental setup of the proposed dual-wavelength erbium-doped fiber 
ring laser is shown in Figure 3.1 (a). The designed laser consisted of an amplify-
ing fiber ring cavity wherein a double reflection for each wavelength was used. 
For this purpose, it was utilized a four port circulator and two reflecting elements 
(a FBG and a tunable FBG) for each wavelength. The non-tunable FBGs were con-
nected at port 2 of the circulator, because their bandwidths were narrower than 
the tunable FBGs, so most part of the amplified spontaneous emission was fil-
tered at first reflection. The two FBG sets were centered at 1547 nm and 1550 
nm respectively, having the first FBGs a full-width at half maximum (FWHM) of 
0.19 nm and 0.165 nm; a reflectivity of 99% and 98.3% and an extinction ratio 
of 33 dB and 35.3 dB, in this order. The tunable FBGs had a FWHM of 0.609 nm 
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and 0.390 nm, a reflectivity of 98.9% and 99.7% and an extinction ratio of 30 
dB and 26.9 dB, respectively. In order to achieve an independent control of the 
system´s equalization, the order of connection of the tunable FBGs were inverted 
at the port number 3 of the circulator, the λ’1 wavelength was tuned at 1547 nm 
and λ’2 to 1550 nm, this way the variable attenuator 1 (VA1) controlled the gain 
at λ2 and at the same mode the (VA2) only affected to λ1. In particular, in order 
to achieve power equalization of both channels the attenuation of VA1 was set to 
0.86 dB, while the loss induced by VA2 were fixed to 0.15dB. 
The gain of the fiber laser was provided by a 5 m-long highly Erbium-doped fiber 
(EDF, Er-30 by Liekki, with an absorption of 30 dB/m at λ=1530 nm). A 980/1550 
nm wavelength-division multiplexer was used to introduce the 70 mW of optical 
pump power from a 980 nm laser diode. The laser output was extracted from the 
cavity using a 70:30 fiber coupler, being the 70% exit the output of the laser.
The circulator guided both emission lines inside the ring cavity and served also 
as an isolator in our lasing structure ensuring the unidirectional circulation of 
the light, and avoiding the undesired spatial hole-burning effect. All the free ter-
minations were immersed in refractive-index-matching gel to avoid undesirable 
reflections.
The laser output was monitored by an optical spectrum analyzer (OSA, Q8384 
of Advantest) with a highest spectral resolution of 0.01 nm. The single-longitu-
dinal-mode operation was verified by a heterodyne detection system, which is 
depicted in Figure 3.1 (b). Each lasing wavelength from our fiber laser was com-
bined with a commercial tunable laser source (TLS, Agilent 8464B) using a 3 dB 
FIGURE 3.1. (a) Schematic diagram of the proposed dual-wavelength erbium doped 
fiber ring laser configuration; (b) Heterodyne detection system. 
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coupler. This TLS had a linewidth of 100 KHz and its wavelength was placed close 
to the fiber laser emission wavelengths. Thus the beating signal was observed by 
means of an ESA (Rohde & Schwarz FSP), whose resolution bandwidth can be as 
good as 1 Hz.
Experimental results
Figure 3.2 displays the output spectra of the proposed dual-wavelength EDF fiber 
ring laser corresponding to the reflection bands of both FBGs when pump power 
was 70 mW. The measured power of both channels was around -10 dBm, which 
it was more than 65 dB higher than the ASE noise floor. An interesting conclusion 
to be drawn from Figure 3.2 is that the proposed scheme was a very low noise 
topology because the ASE was filtered twice, this being a crucial advantage over 
some previously reported lasers in the literature [12, 14-17] .
A good stability and single-longitudinal-mode operation are desired require-
ments for EDF lasers used in demanding applications. Before looking at the sta-
bility of the output power laser, let us consider first the SLM operation. 
As it has been explained in section 2.3.3, fiber ring lasers usually support a vast 
number of spaced longitudinal modes, which can be calculated using equation 
2.3. Therefore, taking into account the corresponding values of FWHM and λ for 
each FBG, provided previously, and that: n=1.5; L=17 m; the calculated number 
of modes for each emission line were 2024 and 1757 respectively, centered at 
1547 nm and 1550 nm. 
FIGURE 3.2. Measured output optical spectrum of the proposed dual-wavelength 
EDFRL configuration for a pump power of 70 mW.
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However, when both lasing wavelengths were oscillating simultaneously with 
similar output powers by using the VAs to adjust the cavity loss, the laser pre-
sented a SLM operation behavior as it is shown in Figure 3.3. To corroborate 
it, we calculated the mode spacing for each wavelength region, which were 
Vλ1 = 9.385 x 10
-5 nm and Vλ1 = 9.421 x 10
-5 nm. Figure 3.3 shows a bandwidth 
of 3GHz (or 2.4 x 10-2 nm, so the observed bandwidth was around 25 times high-
er than the mode spacing between longitudinal modes, thus we can conclude 
that indeed the dual wavelength EDF laser worked in single mode operation. The 
picture presents the results of the heterodyne detection system measured by the 
ESA with a resolution of 100 KHz: the beating between the tunable laser source 
and both emission lines when the tunable laser source was tuned close to the 
first emission line (Figure 3.3 (a)) and the second (Figure 3.3 (b)). As aforemen-
tioned, Figures 3.3 (a) and (b) only can show the ESA spectrum for one of the 
wavelengths laser emission because the wavelength difference between both 
emission lines was around 3 nm, while the bandwidth of Figure 3.3 was 2 orders 
of magnitude lower and the mode spacing was approximately 5 orders lower. 
In ref. [12]an SLM fiber ring laser was achieved by annihilating the mode competi-
tion with an auxiliary lasing wavelength. This process was explained by the inter-
action of the seed light produced from one channel to the other and vice versa. 
One channel worked as auxiliary lasing to the other and the channels´ multiple-
longitudinal-mode oscillation were suppressed. 
The output power imbalance between both lasing wavelengths had a direct influ-
ence in the mode of operation. Figure 3.4(a) shows the laser output spectrum 
for an equalization with a power difference between emission lines of 9.23 dB, 
at this point it can be seen that the laser did not fulfill the SLM operation regime 
(Figure 3.4 (b)). 
FIGURE 3.3. Output optical spectrum measured by the ESA for the dual-wavelength 
EDFRL configuration, when the tunable laser was tuned for the first (a) and second 
(b) wavelength laser emission.
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The measurements were repeated at different pump power from 28 mW to 150 
mW. In all cases, a SLM operation in both channels was achieved when the two 
lasing wavelengths are oscillating simultaneously with similar output powers by 
using the VAs to adjust the cavity loss. The pump power chosen was 70 mW in or-
der to work further than the pumping threshold needed to obtain laser emission.
To determinate the instability of the system the output power of the EDFL was 
also measured during a period of 10 minutes at room temperature. The measured 
data were stored each 15 seconds and a CL of 90 % was considered. Figure 3.5 
shows the power fluctuation for the emission line of 1547 nm when the laser 
worked in SLM and MLM operation. The instability was 1.08 and 0.67 dB for the 
emission lines centered at 1550 nm and 1547 nm respectively in SLM. Unsur-
prisingly, the reduction of the number of longitudinal modes inside the cavity 
till the SLM operation had an outstanding positive effect in the output power 
variations, as it is shown in Figure 3.5. Power fluctuations of the emission line 
centered at 1547 nm vary from 1.52 dB, when the laser operation was a multiple 
longitudinal mode one, to 0.67 dB when it worked in SLM operation regime.
FIGURE 3.4. (a) OSA and (b) ESA spectrum when the output power imbalance be-
tween both emission lines was 9.23 dB.
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3.1.2 DUAL-WAVELENGTH SINGLE-LONGITUDINAL MODE EDFRL USING PHASE-
SHIFT BRAGG GRATINGS
As it has been seen in the previous section, SLM behavior can be achieved by 
equalization; when the powers of the lasing channels are similar. However, there 
is another way to ensure a stable SLM behavior in an EDFRL, which is based on 
filtering. EDFRL usually has a long cavity, which leads to the generation of a large 
number of densely spaced longitudinal modes. Therefore, an ultra-narrow band-
width mode selection mechanism can be incorporated to ensure SLM operation.
In this section, a stable dual-wavelength EDFRL that operates in SLM regime is 
experimentally proposed and demonstrated. The laser topology is based on the 
serial connection of the FBGs using optical circulators. Ultra-narrow bandwidth 
phase-shifted FBGs are incorporated into the laser cavity. With them, we experi-
mentally demonstrate the SLM operation for the lasing wavelengths in all circum-
stances, achieving high power stability and a remarkable OSNR.
Description of the laser
Figure 3.6 shows the experimental setup of the proposed dual-wavelength laser 
structure. This was a FBGs serial configuration based on circulators which includ-
ed a phase shift fiber Bragg grating (PSFBG) in each arm in order to reduce the 
linewidth of the lasing wavelengths by obtaining the single longitudinal mode 
operation; and consequently, to improve the stability.
FIGURE 3.5. Output power fluctuation for the emission line centered at 1547 nm 
when the laser worked in SLM and MLM operation regimes.
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The wavelength selection was carried out by a combination of FBGs and PSFBGs. 
The FBGs were used as wavelength selective mirrors by using circulators and 
their purpose was the coarse wavelength selection in each arm. These FBGs were 
centered at 1562.8 nm (λ1) and 1550.5 nm (λ2) showing a reflectivity above 
90% and a corresponding full-width at half-maximum of 0.120 and 0.125 nm 
respectively. Afterwards, the PSFBGs actuated as fine transmission filters with a 
FWHM of around 2 pm for both PSFBGs.
Based on [18], any phase shift can be obtained by changing the sampled period 
of a Sampled Fiber Bragg Grating (SFBG) [19]. For this application, two PSFBGs 
were written into a standard telecommunication optical fiber using the phase 
mask technique with a continuous laser emitting at 244 nm. The sampling effect 
was generated by opening and closing the laser shutter at preset locations. The 
total length of the PSFBGs was L≈24 mm, with a sampling period of P=1.5 mm. 
An increment in the sampling period P with a scale factor of F=1.5 located at the 
center of the grating created an equivalent pi-phase shift in the first order of the 
SFBG. The chosen scale factor was slightly modified to maximize the pi-shift on 
the m=-1 order, as can be noticed in Figure 3.7 (a). The measured phase-shifted 
SFBG was compared to its simulated response in Figure. 3.7 (b). All the SFBG 
spectra were calculated using the T-matrix method [20]. Two identical PSFBGs 
were manufactured, being their central wavelengths 1550.5 and 1562.8 nm re-
spectively, and fabricated just by changing the phase mask. 
The utilized gain medium was a commercial erbium-doped fiber amplifier (EDFA 
FIBERAMP-BT 17 by Photonetics). This device had an internal isolator, which en-
sures the unidirectional operation of the multi-wavelength laser and therefore 
avoids the spatial hole-burning.
FIGURE 3.6. Schematic diagram of the proposed dual-wavelength EDFRL configura-
tion. EDFA: Erbium-doped fiber amplifier. VA: Variable attenuator.
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A 2x2 coupler with a coupling ratio of 50/50 was used to combine both wave-
lengths, redirecting the 50% of the power to the EDFA and extracting the other 
50% to the laser output. An advantage of this topology was the individual control 
of the loss for each wavelength by connecting variable attenuators between the 
50/50 coupler and each PSFBG.
Experimental results
Figure 3.8 shows the output spectrum of the EDFRL for an EDFA output power of 
130 mW measured with an optical spectrum analyzer (HP-70952B) which offered 
a resolution of 0.1 nm and a sensitivity of -60 dBm. As can be appreciated, two 
lasing channels were obtained with an optical output power close to 0 dBm and 
an OSNR higher than 55 dB. For the equalization of the system, the variable at-
tenuator values were 1.38 dB and 0 dB for VA1 and VA2, respectively.
FIGURE 3.7.  Simulated structure of the employed PSFBGs. (a) The phase shift was 
stronger for the m=-1 order of the SFBG. (b) Comparison of the simulated and mea-
sured spectra obtained with the m=-1 order.
FIGURE 3.8. Optical output spectrum of the EDFRL measured at OSA.
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In order to analyze the longitudinal-mode operation of the laser, a series of mea-
surements were carried out using an ESA with a resolution of 100 KHz (Rohde & 
Schwarz FSP) in combination with a photo detector (New Focus 1544-B). For this 
purpose, the EDFRL output was beaten with a TLS with a BW of 100 KHz (Agilent 
8464B) using a 50:50 coupler.
Figure 3.9 shows only one beat peak for each wavelength laser output, thus both 
emission lines were operating in the single-longitudinal-mode regime. Also to 
determine the wavelength instability of the laser a measurement of one hour for 
each wavelength at room temperature, using the max-hold mode at ESA, was car-
ried out. The wavelength instability corresponds to the difference between the 
higher and the lowest frequency. As can be shown at figure 3.10, a maximum 
instability of 320 MHz (≈2.56 pm) and 896 MHz (≈7.16 pm) for λ1 and λ2 re-
spectively were retrieved, being these results better than the 15 pm and 10 pm 
obtained in [11] and [16] respectively. 
FIGURE 3.9. Output spectrum measured by the ESA at (a) λ1=1562.8 nm, and (b) 
λ2=1550.5 nm.
FIGURE 3.10.  Frequency instability at (a) λ1  and (b) λ2 measured with Max-Hold 
mode in ESA for 1 hour.
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The emission lines band widths were also measured using the self-heterodyne 
method described in section 2.3.4, by beating the MEDFRL output delayed by 
100 Km of SMF, with the same MEDFRL output modulated by a phase optical 
modulator (POM, Avanex IM10-P) in combination with a RF generator (Rohde & 
Schwarz SMT02) at 1GHz MHz. A tunable filter was used to select the channel to 
be measured. Because the spectrum presented a Gaussian shape, this spectrum 
was U2 · BW, so as is shown in Figure 3.11 the BWs were around 11 KHz and 13 
KHz corresponding with λ1 and λ2 respectively.
In the previous section we saw how to obtain a SLM fiber ring laser through the 
power equalization of two emission lines. Also, as mentioned before, in [12] a 
SLM fiber ring laser was achieved by annihilating the mode competition with an 
auxiliary lasing. Taking these results into consideration, we checked if our laser 
showed the same behavior due to some interaction between the seed light pro-
duced from one channel to the other and vice versa. Thus, a study with only one 
wavelength was carried out. The experiment consisted in analyzing the behavior 
of the PSFBG in the system. In order to simplify the characterization process, a 
high resolution Brillouin optical spectrum analyzer (BOSA-C Aragon Photonics) 
with a resolution of 0.08 pm was employed to measure the λ1 spectrum with and 
without the corresponding PSFBG. Figure 3.12 shows that the laser operated in 
SLM regime for a unique wavelength due to the PSFBG, and discarding the effect 
presented at [12].Therefore the SLM operation was explained due to the combina-
tion of the thinness of the PSFBG’s spectrum with the EDFA’s gain within the ring.
FIGURE 3.11. Spectrum of the emission line of λ1 (a) and λ2 (b) measured at ESA 
with the self-heterodyne detection method.
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Finally, a study of the instability and output power of the EDFRL versus the EDFA 
output power was also performed. The EDFRL was tested for 6 different values 
of EDFA output powers when the two wavelengths were simultaneously excited. 
Each measurement was carried out at room temperature during 1 hour with an 
acquisition time of 10 seconds and a confidence level of 90%. Figure 3.13 (a) 
shows that when the laser output power was increased the instability was re-
duced directly following the EDFA output power. The laser operated in single-lon-
gitudinal for all the tested values. The laser output power was improved and the 
instability was reduced as the EDFA output power increased. However, for powers 
exceeding 130 mw, the laser output power did not improve and the instability 
was worsened. Therefore, the optimal power level for the EDFA output power was 
130 mW. At this point, instabilities of 0.35 dB and 0.2 dB were measured for λ1 
and λ2, respectively. Figure 3.13 (b) shows the fluctuation of the output power 
for both channels in this case.
FIGURE 3.12. Optical output spectra at BOSA for λ1 (a) without PSFBG operating in 
multi longitudinal mode, and (b) with PSFBG operating in single longitudinal mode.
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3.1.3 EDFRLS BASED ON ADD-DROPS AND MUX-DMUX
The combination of dense wavelength-division multiplexing (DWDM) and erbi-
um-doped fiber amplifiers can take full advantage of the C-band fiber telecom-
munications bandwidth and increases the capacity and transmission distance of 
optical fiber links [21, 22]. In this regard, standard optical wavelength multiplex-
ers (MUX-DMUX) and optical add-drop multiplexers (OADMs) will play a critical 
role in enabling greater connectivity and flexibility in DWDM networks. OADMs 
and MUX are devices that give simultaneous access to the wavelength channels 
in WDM communication systems [23, 24]. Their widespread use has increased 
their commercial applications, reducing significantly their cost in recent years.
The main goal of this section is the development of two EDFRL based on these 
devices in order to exploit their flexibility and compatibility for WDM communica-
tion systems. However, in the same way as in the previous EDFRL presented in 
this chapter, parameters such as OSNR, SLM operation and instability are consid-
ered in their development. 
Add-Drop and MUX-DMUX response
Figure 3.14 (a) and Figure 3.14 (b) show the measured spectral response of the 
OADMs and the Mux, respectively. These elements presented a flat response 
with a bandwidth per channel of about 1nm, which was a problem for achieve a 
stable laser in both, wavelength and output power. For this reason, the proposed 
solution was the use of a Sagnac loop mirror as additional comb filter, based on 
a Hi-Bi MOF.
FIGURE 3.13. (a) Instability and output power of the EDFRL vs the EDFA output pow-
er. (b) Output power fluctuations of λ1 and λ2 for an EDFA output power of 130 mW.
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Experimental studies were carried out in order to find the proper length of Hi-Bi 
MOF in the Sagnac loop mirror and consequently optimize the tunable capability 
of the proposed laser. It was observed that the proper length of the HI-BI PCF for 
this application was ~3 meters. In Figure 3.14 can be seen the measured trans-
mission spectra of the 3 m Hi-Bi MOF Sagnac loop mirror and the OADM/MUX 
responses, taken individually while illuminating each of them with a broadband 
light source. 
Description of the laser
Figures 3.15 and 3.16 illustrate the experimental setups of the proposed tun-
able multiwavelength fiber ring lasers. Both were constructed using a commer-
cial EDFA (EFA-P21 from MPB) as gain medium and a Sagnac loop mirror as comb 
filter. The Sagnac interferometer was formed by a 3 dB optical coupler (OC), a 
polarization controller (PC) and one section of highly birefringent microstructured 
fiber. This Hi-Bi MOF (PM-1550-01 of NKT Photonics) presented a beat length 
lower than 4 mm and a temperature coefficient measured to be 30 times lower 
than that of a conventional polarization maintaining fiber. The temperature sen-
sitivity for this fiber was measured to be 0.29 pm/ºC [25] , leading to no further 
power variations due to temperature variations. The splices between the Hi-Bi 
MOF and the SMF were made by the use of a conventional fusion splicer with 
parameters particularly studied for this particular splice, based on [26], allowing 
high reproducibility.
FIGURE 3.14. Measured transmission spectra of the (a) Sagnac loop mirror and the 
OADMs response, and (b) the sagnac loop mirror and the MUX-DMUX response.
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For the first EDFRL (Figure 3.15), four OADMs were used to direct the signal inside 
the ring into four different branches, ensuring unidirectional operation and there-
fore avoiding the spatial hole-burning effect. Each branch was composed of an 
OADM and an optical variable attenuator. 
As mentioned before, one of the major problems in multiwavelength EDFRL is the 
correctly adjusting of the cavity loss on each wavelength in order to achieve oscil-
lation of the system in all the desired channels. As it is well known, the oscillation 
threshold power for each wavelength is different due to the non-flat shape of the 
erbium fiber gain profile. The use of this topology enables the required individual 
loss control for each wavelength in order to ease the power equalization.
The Sagnac loop mirror output signal was filtered by the array of OADMs. The ITU 
channels selected by these OADMs were C37, C41, C43 and C47 correspond-
ing with the wavelength values of 1547.72 nm, 1544.53 nm, 1542.94 nm and 
1539.77 nm, respectively. After being equalized, these four signals were col-
lected by means of: (a) a 4×2 optical coupler and (b) an optical multiplexer into 
their ITU channels. A comparison between these two different options for collect-
ing the four arm signals was carried out. As expected, the output power levels 
obtained for the configuration with a 4×2 optical coupler was about 6 dB lower 
than the one using the multiplexer. 
For the proposed configuration, the optimum coupling ratio for this structure was 
found to be 30%-70%. This coupling ratio enabled the extraction of 30% of the 
laser’s output power into the analyzer.
FIGURE 3.15. Experimental scheme for the proposed tunable four-wavelength er-
bium doped fiber ring laser configuration based on optical Add-Drop multiplexers 
and a Sagnac loop mirror.
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On the other hand, for the second EDFRL (Figure 3.16) the MOF Sagnac interfer-
ometer and a couple of thin-film wavelength division multiplexer/demutilplexers 
(DWDM 200G 4Ch from AFOP) were used as comb filter.
The MUX-DMUX setup was used to select the interference signal from the Sagnac 
loop mirror in order to obtain laser emitted wavelengths only at the ITU wave-
length channels. This structure also filtered the out-of-band amplified spontane-
ous emission noise generated by EDFA improving its amplification efficiency.
 The ITU channels selected by these MUX were C31, C35, C41 and C47 corre-
sponding to the wavelength values of 1552.52 nm, 1549.32 nm, 1544.53 nm 
and 1539.77 nm respectively. With this configuration the number of the laser 
wavelengths could be increased by replacing the MUX-DMUX by another with 
more channels.
In the same way as in the EDFRL based on Add-drops (Figure 3.15), this configura-
tion also presented the individual control of the loss of each channel by including 
variable attenuators between the MUX and the DMUX. 
In this case we used a 90:10 coupler enabling the extraction of the 90% laser 
power from the ring to the analyzer, being the other 10% redirected to the erbium 
doped amplifier. The EDFA had an internal isolator ensuring the unidirectional 
operation of the multi-wavelength laser and therefore avoiding the spatial hole-
burning.
FIGURE 3.16. Experimental scheme for the proposed tunable four-wavelength ED-
FRL configuration based on MUX-DMUX and a Sagnac loop mirror. 
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Experimental results
The first step was the comparison of both EDFRLs in terms of OSNR, output power 
and instability.  
As can be seen in Figure 3.14, the combination of the Add-Drops or the MUX-
DMUX with the Sagnac loop mirror generated two peaks per each channel, only 
one of them acquiring the laser condition. This fact allowed the selection be-
tween two wavelength emission lines, by using a tunable filter.
For the Add-Drop EDFRL, a tunable filter of 0.8 nm bandwidth was located at the 
output port of one of the OADMs (channel C41) in order to select a specific wave-
length emission line. Figure 3.17 shows two possible outputs (measured using 
OSA Q8384 from Advantest) of the four-wavelength EDFRLs, generated by a fine-
tuning of the filter placed at the output port of channel C41. These four laser lines 
could be easily tuned by inserting tunable filters at the output port of the others 
channels, in the same way as it was done for the channel C41.
The output power of each one of the four output channels is ~-7.5 dBm and, for 
every channel, the signal output power was more than 65 dB higher than the ASE 
noise floor, although low amplitude residual side-lobes corresponding to non-
excited wavelengths inside the multiplexers bands can be observed. 
The output power instability was tested during a period of 10 minutes. The mea-
sured data were stored each 10 seconds and a CL of 90% was considered. It was 
observed, that at room temperature the peak powers averaged presented a varia-
tion between 1.8 dB and 2.3 dB for different lasing wavelengths. 
FIGURE 3.17. Shift of the output spectra of the four-wavelength Add-Drop EDFRL 
proposed by adjusting the tunable filter at channel 41.
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We repeated the process for the MUX-DMUX EDFRL. Figure 3.18 (a) shows two 
possible four-wavelength EDFLs with the tunable filter of 0.8 nm bandwidth lo-
cated at channel 35 and placed between the MUX and DMUX. The measurement 
was carried out using a BOSA (OPT100 from Aragon Photonics) with a resolution 
of 0.08 pm. 
In order to determine the OSNR an additional measurement was made using the 
OSA, because this device had more sensitivity than the BOSA, and revealed an 
OSNR > 65 dB for all channels. Figure 3.18 (b) shows the measured spectrum at 
channel 31.
To determinate the instability of the system the output power of the EDFL was 
also measured during a period of 10 minutes with an acquisition time of 10 s and 
a CL of 90%, at room temperature. Figure 3.19 shows the output power fluctua-
tion for each emission line. The best instability was 0.82 dB and corresponds 
with the channel 47. The rest of the measured values were 0.93 dB, 0.95 dB and 
0.97 dB, corresponding with the channels 41, 35 and 31, respectively. 
FIGURE 3.18. (A) Shift of the output spectra of the four-wavelength EDFRL proposed 
by adjusting the tunable filter at channel 35, measured by the BOSA. (b) Spectrum 
at channel 31 measured by the OSA.
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To summarize, both EDFRLs presented an OSNR > 65 dB, and output powers 
between -7.5 and -10 dBm. However, the EDFRL based on MUX-DMUX presented 
a considerable stability improvement. This was the reason why we selected the 
MUX-DMUX laser for a further study, which is presented below.
A single-longitudinal-mode operation is required from MEDFRL in some specific 
applications. The number of longitudinal modes and the space between them 
was calculated. Taking into account: n=1.5; L=34 m; FWHMSagnac=0.46 nm and 
the corresponding values of λ for each channel provided previously; 9897, 9838, 
9779 and 9737 were the calculated number of modes inside the emission lines 
centered at 1539.6 nm, 1544.2 nm, 1548.8 nm and 1552.2 nm, respectively.
However, Figure 3.18 (a) shows the measurement of the four-laser emission in 
single-longitudinal-mode operation. As seem previously, in [12] an SLM fiber ring 
laser was achieved by annihilating the mode competition with an auxiliary las-
ing. In order to confirm this effect in this new structure we studied the measured 
modes from the channel 31 using an ESA with a resolution of 100 KHz (Rohde & 
FIGURE 3.19. Output power fluctuation for each emission line with the four channel 
laser outputs in operation.
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Schwarz FSP) in combination with a photodetector (New Focus 1544-B). For this 
purpose the MEDFRL output was beaten with a tunable laser source with a BW 
of 100 KHz (Agilent 8464B) using a 50:50 coupler. The measures were done in 
two situations. At first, only channel 31 was emitted. This situation corresponds 
to a multi-longitudinal-mode behavior as it is shown in Figure 3.20 (a). However 
when another channel was introduced into the system, each emitted wavelength 
starts operating in a single-longitudinal mode regime, Figure 3.20 (b). From this, 
one can infer that because of the interaction of the seed light produced from 
one channel to the other and vice versa, the multiple-longitudinal-mode oscilla-
tion inside each channel was suppressed, and thus the mode competition was 
reduced.
 
Also the wavelength instability was measured for all emission lines. For this pur-
pose the MEDFRL output was beaten with the TLS and captured at ESA showing 
an instability of 36.7 pm, 34.6 pm, 31.1 pm and 33.9 pm for channels 47, 41, 
35 and 31 respectively.
Finally, in order to determine the emission lines bandwidth, a series of measure-
ments using the self-heterodyne method described in section 2.3.4, were carried 
out. Figure 3.21 (a) shows the detection schematic based on the beating of the 
MEDFRL output, delayed by 20 Km of single mode fiber (SMF), with the same 
MEDFRL output modulated by a phase optical modulator (POM, Avanex IM10-P) 
in combination with a RF generator (Rohde & Schwarz SMT02) at 200 MHz. A tun-
able filter was used to isolate the channel to be measured. Figure 3.21 (b) shows 
the spectrum at ESA with a resolution of 1 KHz. Because the spectrum presented 
a Gaussian shape, this spectrum was U2 · BW, so the BW at channel 47 was 4.2 
FIGURE 3.20. Output optical spectrum measured by the ESA for the channel 31, (a) 
at single-wavelength operation and (b) at dual-wavelength operation with channel 
47.
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KHz. The rest of the measured values were, 3.5 KHz, 3.5 KHz and 4.3 KHz, cor-
responding with the channels 41, 35 and 31, respectively.
FIGURE 3.21. (a) Schematic of the self-heterodyne detection. (b) Spectrum of each 
emission line measured at ESA with the self-heterodyne detection method.
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3.1.4 COMPARISON OF THE DEVELOPED EDFRLS 
The aim of section 3.1 has been the demonstration of four new configurations of 
multiwavelength erbium doped fiber ring lasers. Much attention has been paid to 
the most crucial parameters such as output power, optical signal to noise ratio, 
instability, bandwidth, the independent control of loss and their operation in a 
single longitudinal mode regime. Table 3.1 shows a comparison of these param-
eters for the four EDFRL configurations.
The output power of the developed EDFRLs varies in the range of -10 dBm to 
0 dBm, corresponding the last to the laser based on the combination of FBGs 
with PSFBGs (section 3.1.2). These variations are due to three main factors, the 
EDFA used for each laser, the loss of the passive elements in each configuration 
and finally, the wavelength of the emission lines which is directly related to the 
gain of the EDFA at these wavelengths.
One of the goals in this section has been to achieve high OSNRs and, as can be 
seen in Table 3.1, this objective has been successfully accomplished with values 
higher than 65 dB for three of the presented lasers, and > 55 dB for the other one.
Regarding to the SLM operation, this condition has been demonstrated for 3 of 
the lasers. In two of them (sections 3.1.1 and 3.1.3), the SLM condition has been 
achieved by the equalization of the emission lines of the laser as in [12]. However, 







Output power -10 dBm 0 dBm -7.5 dBm -10 dBm
OSNR >65 dB >55 dB >65 dB >65 dB
SLM operation Yes Yes --- Yes
Instability <1.08 dB <0.4 dB <2.3 dB <1 dB
Bandwidth --- <13 KHz --- <4.3 KHz
Number of wavelengths 2 2 4 4
Scalable Yes Yes Yes Yes
Independent control of 
the loss
Yes Yes Yes Yes
Table 3.1. Main properties of the EDFRL presented in section 3.1.
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in the laser of section 3.1.2, this behavior has been achieved by using PSFBG’s 
as a thin filter, allowing the SLM condition without needing equalization.
Finally, another key point of the EDFRL is the instability. As introduced in chapter 
2 erbium doped fiber amplifiers presents a homogeneous broadening. However, 
as can be seen in table 3.1, low instabilities < 1 dB, even reaching < 0.4 dB for 
the EDFRL based on FBGs in combination with PSFBGs (section 3.1.2) have been 
achieved.
3.2 SINGLE-LONGITUDINAL MODE LINEAR CAVITY LASER BASED ON A VERY NAR-
ROW FILTERING TECHNIQUE
In the previous chapter, different configurations of EDFRLs which improve the 
OSNR, instability, and also ensure a SLM operation have been experimentally 
demonstrated. The aim of this chapter is focused on the development of a SLM 
laser based on a linear cavity, maintaining comparable results as in EDFRLs, and 
simplifying the setup for applications that require a small size laser.
The laser is based on a very narrow filtering technique through the spectral over-
lap of two uniform FBGs. The spectral overlapping of odd FBGs has been already 
applied [27, 28] but, this is the first time that two uniform FBGs are combined 
to reduce the final bandwidth of the achieved filter. The proposed technique is 
employed to build a SLM linear laser. The proposed structure maintains the SLM 
operation even under strain and temperature variations.
Spectral overlapping principle
The filtering required for the SLM operation was obtained by combining two 
matched FBGs. The narrowing effect was produced by detuning one FBG, but 
keeping it partially overlapped with the other. In this way, the two filters were 
matched just when the wavelength of the optical signal was within the over-
lapped section, thus narrowing the whole spectral response. An example of the 
FBG detuning is depicted in Figure 3.22.
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In Figure 3.22, a simulation of the proposed spectral filter is shown. Two uniform 
FBGs having a length of L=9 mm with a 1 dB bandwidth (W_1dB) of 163.3 pm 
were detuned ∆λ=156.4 pm obtaining an equivalent filter of W_1 dB=29.8 pm. 
Employing this structure, when the detuning increased (maintaining some spec-
tral overlapping) the narrowing of the equivalent filter also improved. The main 
drawback of this scheme was the power drop due to the equivalent reflection re-
duction of the overlapped filter. This effect can be minimized by employing FBGs 
with a higher reflectivity (even being saturated) because their side slopes are 
steeper. Thus, maintaining the same bandwidth, a higher equivalent reflectivity 
can be achieved. This spectral filtering scheme can be applied to different fiber 
laser structures however, a trade-off between reflectivity (limited by the medium 
gain) and bandwidth (limited by the modal spacing) has to be reachable to get 
SLM operation. In this work, a proof-of-concept laser was manufactured by writ-
ing two uniform and spectrally displaced FBGs into an Er-doped fiber creating a 
DBR structure. 
Laser manufacturing
The two matched FBGs were written into a commercial erbium doped fiber (Fiber-
core M12 which has an absorption ratio of 12 dB/m at 980 nm) using the phase 
mask technique with a continuous laser emitting at 244 nm. A small Gaussian 
apodizing function has been applied to reduce the secondary lobes of both FBGs. 
In comparison to the laser structures where two FBGs are spliced to the active 
fiber, the writing of the FBGs directly to the Er-doped fiber reduces the power 
loss (lower threshold power) and avoids mechanical weak points. Once the FBGs 
were written, one of them was post-exposed in order to drift its Bragg wavelength 
FIGURE 3.22. One FBG was detuned (dashed line) in terms of the other (dotted line). 
The overlapped spectrum (solid line) gave rise to a filter narrower than both indi-
vidual FBGs.
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and reduce the overlapping area, narrowing consequently the equivalent filter 
bandwidth. The achieved FBGs had a reflectivity of 99% with a FWHM bandwidth 
of 240 pm and the final wavelength drift is 180 pm.
During the FBGs post-exposition, the DBR fiber laser was pumped at 1480 nm to 
generate the laser emission. The laser signal was monitored by using a high reso-
lution optical spectrum analyzer (BOSA-C from Aragon Photonics) to measure the 
behavior of the longitudinal modes. The FBG drift was stopped when the SLM 
behavior was confirmed at the BOSA. The proposed DBR structure is depicted in 
Figure 3.23.
Experimental characterization 
Since the wavelength selective effect was given by the equivalent filter bandwidth 
that results from the partial FBG’s reflection bands overlapping, the wavelength 
of the obtained laser was centered at the Bragg wavelength of the equivalent 
filter. This value matched the upper and lower edges from the lower and upper 
FBG’s bands respectively (1552.2 nm).
FIGURE 3.23. Employed setup during the fabrication process. The DBR fiber laser 
structure is also shown: two uniform FBGs of 9 mm length were inscribed into Er-
doped fiber with a distance between them of 40 mm.
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The SLM operation was verified with a heterodyne detection system. A polariza-
tion splitter was connected to the laser output to remove one of the orthogonal 
polarization modes. The measurements were performed using an optical convert-
er (HP11982A) and an ESA (HP8592L). A single polarization mode of the lasing 
signal from the manufactured laser was combined with the signal of a TLS using 
a 3 dB coupler. The TLS (Agilent 8164B) had a FWHM of 100 kHz and its wave-
length was placed close to the manufactured laser. In Figure 3.24, a single peak 
is shown proving the SLM operation of the tested device. 
FWHM linewidth and wavelength stability
In order to measure the FWHM linewidth of the emitted wavelength, the self-
heterodyne method described in section 2.3.4 was used. A phase modulator 
(Avanex IM10-P) was employed to perform a 1 GHz modulation. A 100 km reel of 
standard optical fiber was employed as a delay line. An EDFA (MPB-EFA-P18F) was 
introduced in the setup to amplify the delayed line. According to this method, the 
measured FWHM linewidth was the square root of two times the real linewidth, 
so this was less than 5 kHz as is shown in Figure 3.25 (a). This narrow linewidth 
indicated a stable SLM operation of the fiber laser, being this very important to 
achieve high resolution in sensing systems that depends on the linewidth and 
stability of the emitted laser wavelength.
FIGURE 3.24. SLM operation measured at 25ºC. The laser signal was beaten with a 
TLS source obtaining a single peak.
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Figure 3.25 (b) also shows the wavelength stability measured using the het-
erodyne detection method (without the polarization splitter).The laser signal is 
mixed with the TLS and both polarization modes were held in the ESA during 10 
minutes. The orthogonal polarization mode spacing of 400 MHz (3.2 pm) cor-
responded to the typical fiber birefringence. The higher wavelength drift of both 
polarization modes was under 65 MHz (0.52 pm).
OSNR and power stability
The output laser signal was connected directly to an OSA (HP70952B) to study 
the power behavior of the fabricated laser. Maintaining the emitted pump power 
at 26 dBm, the generated optical output power was monitored during 1 hour by 
using the OSA.
FIGURE 3.25. (a) Linewidth of 4.5 kHz (3dB) measured using self-heterodyne detec-
tion with a modulation frequency of 1GHz. (b) Wavelength stability (62.2MHz) of 
both orthogonal polarization modes measured during 10 minutes.
FIGURE 3.26. (a) Measured OSNR for a 26dBm pump power and (b) output power 
stability measured along 1 hour.
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In Figure 3.26 (a), the output spectra of the proposed laser emitting at the Bragg 
wavelength of the equivalent filter is depicted (left), exhibiting an optical signal-
to-noise ratio greater than 55 dB. The power stability measured each 20 seconds 
(Figure 3.26 (b)) is also depicted. The achieved stability was 0.91 dB with a 90% 
confidence interval, measuring along 1 hour. 
Temperature response
As the laser wavelength was given by the spectral overlapping of the reflected 
bandwidths of the FBGs, the wavelength laser response should follow the FBG 
thermal response. A temperature sweep between 0 and 100 ºC was performed 
while the laser wavelength was measured using the OSA. 
The laser response to the temperature sweep is depicted in Figure 3.27 (a). The 
whole DBR structure behaved as their mirror FBGs, exhibiting linear response 
with a 0.9 nm drift within the 100ºC sweep (similar to a FBG written into standard 
fiber). The SLM operation was also studied during the temperature sweep. The 
measurements associated with the sweep limits are depicted in Figure 3.27 (b). 
The same single modal behavior (polarization modes) could be observed in both 
temperature limits.
Figure 3.27. (a) Emitted wavelength displacement during the temperature sweep 
and (b) the two orthogonal polarization modes at the extreme temperatures (0ºC 
and 100ºC) (b).
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Strain response
The manufactured device was attached to a micrometric linear motor stage to 
perform a strain sweep. If the applied strain is the same for both FBGs, the laser 
properties should be maintained while the structure is being stretched. 
A strain sweep up to 2000 µe was performed while the laser wavelength was 
measured obtaining a peak drift of 2.2 nm. These results are shown in Figure 
3.28 (a) and they exhibited the same linear behavior as a single FBG. The SLM 
condition was also evaluated during the sweep using the heterodyne detection. 
Results are shown in Figure 3.28 (b) and the SLM was maintained for the highest 
achieved deformation.
3.3 RANDOM DISTRIBUTED FEEDBACK FIBER LASERS 
3.3.1 NARROW-LINEWIDTH SINGLE-WAVELENGTH RDFB FIBER LASER
As stated before, random distributed feedback fiber lasers are characterized by 
their absence of longitudinal modes improving multiwavelength laser stability. 
This feature has led to increase the interest in this kind of cavity. However, the 
absence of longitudinal modes makes a challenge in order to achieve narrow 
emission lines. 
FIGURE 3.28. (a) Emitted wavelength displacement during the strain sweep. (b) The 
two orthogonal polarization modes are depicted in both extremes.
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Previous published works about narrow random lasers use Fabry Perot filters 
(FFP), Mach-Zehnder interferometers and diverse types of gratings to obtain emis-
sion lines with line-widths of tens of picometers [29-31]. Other studies also show 
that a RDFB fiber laser spectrum can be modified at will by using programmable 
filters [32] appropriately placed in order to avoid or enhance power redistribution 
between lines [33]. A direct conclusion of this customizability is that narrower 
RDFB fiber lasers could be easily achieved if more selective filtering devices are 
used. In this section we carried out an experimental study for a narrow RDFB laser 
depending on different parameters.
Description of the laser
The laser topology presented was based on a backward-pumped RDFB configu-
ration, Figure 3.29. As it can be seen, a WDM was used to inject the pump laser 
(IPG RLD 3-1445) into the cavity formed by 50 km of standard single mode fiber. 
The SMF acted as the gain medium through the SRS effect and also, acted as 
distributed mirror providing a weak feedback along the fiber because of the Ray-
leigh scattering. The scattered light travelled back into the port 2 of an optical 
circulator which role, together with other components, was to filter the light and 
redirected it into the cavity. The design of this filtering mirror was the key point of 
this study, since depending on the setup particularly narrow band emission line 
could be attained. 
As in the EDFRL presented in section 3.1.2, the main purpose of this system was 
to obtain a laser by using the narrow central transmission peak of a phase shifted 
fiber Bragg grating, but this time by using a random cavity. To achieve this, the 
light was initially filtered by a FBG centered at λ=1545 nm (FWHM of 0.22 nm) 
which was properly connected to an optical circulator that allowed the FBG to 
FIGURE 3.29. Schematic diagram of the proposed single-wavelength RDFB laser. 
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operate in reflection. The next component placed in the loop was a PS-FBG cen-
tered at λ (FWHM of 11 pm) in a serial configuration narrowing the emission line. 
In this manner, the resulting transmitted line of the loop was the combination 
of the reflected spectrum of the FBG and the PS-FBG response in transmission 
as depicted in Figure 3.30. Finally, an optical coupler was included in order to 
extract part of the signal as the output port. 
Experimental results
In order to investigate the performance of the proposed setups, a series of ex-
periments were carried out. Initially, the output emission line was analyzed by 
means of a BOSA (BOSA C by Aragon Photonics) with a resolution of 0.08 pm. As 
can be seen in Figure 3.31, the narrowest emission line obtained had a quasi-
Lorentzian shape with a line-width at -3 dB of 3.2 pm, which was more than ten 
times narrower than other reported random lasers as far as we known [29-31]. 
This emission line corresponded to a pump power of 1.42 W and a coupling ratio 
of 70/30 with a 30% of the power re-inserted into the cavity. 
FIGURE 3.30. Reflected and transmitted spectra of the FBG and PS-FBG respective-
ly, measured at BOSA.
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The dependence of the line-width on the pump power was also studied. With the 
aim of finding the optimal coupling ratio of the optical coupler placed in the loop, 
the experiment was repeated for different coupling values (Figure 3.32). The re-
sults showed that there was a clear increase of the line-width with the pump pow-
er, obtaining the narrowest possible line-width right above the lasing threshold 
in every case. Furthermore, as expected, the increase rate of the line-width with 
the pump power varied with the coupling ratio. After applying a linear fitting, the 
gradient increased from 14 to 22 pm/W as the re-injected power into the cavity 
increased from 10% to 90%. 
FIGURE 3.31. Optical spectrum of the generated emission line.
FIGURE 3.32. Line-width variation with Raman pump power for different coupling 
ratios.
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The selected coupling ratio also implied a trade-off between lasing threshold and 
peak power as can be seen in Figure 3.33. The maximum peak power achieved 
was 1.2 dBm which corresponds to the case of a 10 % of re-inserted power with 
a pump power of 1.67 W. Since the output port of the laser was placed inside the 
loop mirror, the attained peak power values were smaller than in other random 
lasers, but were close to 0 dBm when the extracted power from the loop mirror 
gone beyond the 50 %. It is worth noticing that the results depicted in Figure 3.33 
also proved that the studied emission line was a laser itself, clearly showing the 
lasing threshold for each different coupling ratio.
As reported in studies before [9], one of the main properties of the random lasers 
is their longitudinal mode-less behavior due to the distributed reflection of the 
light along the fiber because of the Rayleigh scattering. In order to demonstrate 
the full random operation of the proposed laser, a test showing this mode-less 
operation was carried out. In this experiment, the output light was received by 
means of a photo-detector (Agilent 83440B) and measured at ESA (Rohde & 
Schwarz FSP30). The self-beating signal of the emission line can be clearly seen 
in Figure 3.34 with different spans (6 GHz, 90 kHz and 10 kHz) and resolution 
bandwidths (100 kHz, 300 Hz and 100 Hz respectively). There was no evidence 
of longitudinal mode beating, thus the random laser operation was verified. 
FIGURE 3.33. Peak power of the emission line vs Raman pump power for different 
coupling ratios.
OPTICAL FIBER LASERS 113
3.3.2 NARROW-LINEWIDTH MULTI-WAVELENGTH RDFB FIBER LASER
RDFB fiber lasers present interesting properties for sensing applications as re-
ported in [34-37] due to their good performance in terms of tunability and wave-
length operation. Moreover, high power and wavelength stabilities together with 
narrow emission lines could give precise amplitude and wavelength-based mea-
surements. Because of these, the main objective in this section is the develop-
ment of a multiwavelength RDFB laser with narrow linewidths.
Description of the laser
As seen in the previous section, a narrow single wavelength RDFB laser can be 
achieved by using a filter combination of FBGs with PSFBGs. The objective of 
this work was to increase the number of emission lines, by using the same main 
scheme and maintaining the narrow bandwidth of the emission lines feature. In 
this regard, four pairs of PS-FBGs and FBGs corresponding to the wavelengths 
λ1=1539.8 nm, λ2=1545 nm, at λ3=1549.6 nm and λ4=1552.9 nm were uti-
lized. A MUX/DMUX was used as it can be seen in Figure 3.35. The MUX/DMUX 
had four 200 GHz-wide channels (ITU channels C31, C35, C41 and C47) with 
insertion losses between 1.8 to 2.2 dB per channel. As in the laser presented in 
section 3.1.3, this configuration permitted the inclusion of variable attenuators 
in every branch to independently control the loss of each channel. The PS-FBGs 
were concatenated in a serial configuration with FWHMs of 14.5 pm, 11 pm, 19.2 
pm and 29.9 pm at λ1, λ2, λ3 and λ4, in that order. 
FIGURE 3.34. Laser’s electrical self-beating signal for different spans/resolutions 
(black) and the detector’s noise level (red).
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The mode-less behavior of RDFB lasers implied that there was no mode-hopping 
or mode-competition. Consequently the wavelength and peak power instabili-
ties of the multiwavelength RDFB laser are smaller than in other fiber lasers as 
in EDFLs. In order to exploit these advantages the setup reported in the previous 
section (see Figure 3.29) was adapted to a four-wavelength laser with narrow 
line-widths.
Experimental results
The spectrum of the four emission lines can be seen in Figure 3.36. Note that 
the wavelength axis was clipped in order to allow the line-widths to be properly 
displayed. A 90/10 coupler was used for the measurements, extracting just a 
10% of the power through the output port. According with the study previously 
presented in section 3.3.1 (see Figures 3.32 and 3.33), for a 90% of recirculated 
power the values attained are lower than for other coupler ratios, however the 
necessary pump power for fulfill the laser condition was reduced.
The laser threshold for the multiwavelength RDFL laser was 1.47 W. At this opera-
tion point, the spectral line-widths of the four emission lines placed at the wave-
lengths 1539.8, 1545, 1549.6 and 1552.9 nm were 5.74, 5.04, 6.36 and 9.16 
pm respectively. The difference between the line-widths was due to the different 
spectral response of the PS-FBGs, being this particularly evident in λ4. 
FIGURE 3.35. Schematic diagram of the proposed multi-wavelength 
RDFB laser.
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The inhomogeneous behavior of the Raman gain permits the emission lines to be 
adjusted independently, in contrast for instance with EDFLs, where the variation 
of one emission line unavoidably affects the gain provided to the other lines. In 
Figure 3.36 the multi-wavelength laser was easily equalized by means of VAs to 
achieve identical peak power in each emission line. This lack of gain competition 
together with the absence of mode-hopping and mode-competition result in low 
power instability over time. Figure 3.37 shows the peak power fluctuations of the 
four emission lines every 10 seconds for 15 minutes. The instabilities attained for 
λ1 to λ4 are 0.04, 0.05, 0.06 and 0.07 dB respectively. These values are better 
than the obtained in section 3.1 and 3.2 with the EDFLs, however these last la-
sers present another features such as a better bandwidth, efficiency and OSNR. 
Therefore, there is a trade-off between these parameters, depending on the ap-
plication requirements, which should be taken into account in the election of the 
fiber laser.
It is worth mentioning that power and wavelength stabilities were affected by 
temperature variations. Accordingly, these results may possibly be improved by 
better isolating the system.
FIGURE 3.36. Spectra of the four emission lines measured at the BOSA with a 0.08 
pm resolution.
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Finally, is important to point out that with this scheme extra emission lines could 
be generated by increasing the number of channels of the MUX/DMUX and in-
cluding the corresponding pairs of FBGs and PSFBGs.
3.3.3 RDFB VS RING FIBER LASERS
In this section three fiber laser topologies are compared: the first one is based on 
a hybrid ring-random fiber laser; the second one is a ring fiber laser and the last 
one is a random mirror based fiber laser. Since the major goal of this section is 
the comparison of the behavior of the three basic fiber laser configurations, the 
proposed schemes are as simple as possible.
Description of the lasers
The three fiber lasers are depicted in Figure 3.38 and their characteristics are 
described below:
The following aspects were common to all topologies: 
• A section of 2.4 km dispersion compensating fiber (DCF) was used to 
achieve greater Raman gain (greater than the achieved with standard single 
FIGURE 3.37. Output power fluctuations of the four emission lines during 15 min-
utes.
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mode fiber) per unit pump power. The Raman pump laser radiated at 1445 
nm and could deliver up to 3 W. The pump power was launched to the system 
through a WDM.
• The wavelength selection was carried out by means of a FBGs centered at 
1545 nm with 0.2 nm bandwidth and 95% reflectivity.
• All the free terminations of all systems were immersed in refractive-index-
matching gel to avoid undesired reflections. This issue can be particularly 
critical in the random fiber laser. 
The initial configuration, the ring-random fiber laser, shown in Figure 3.38 (a), 
was chosen in such a way the behavior of the hybrid scheme could be studied. 
Blue arrows point out the optical path followed by the random fiber laser contri-
bution, while green arrow indicates the direction of the fiber ring laser. But, af-
terwards, it was also possible to study the individual contributions of each basic 
fiber laser that compose the hybrid fiber laser. The pure-ring laser structure (Fig-
ure 3.38 (b)) was obtained by adding an optical isolator to the previous structure 
and finally, the random fiber laser (Figure 3.38 (c)) consisted of the cavity section 
of the first structure wherein the random mirror was affecting the behavior of the 
hybrid configuration. The output of each laser (after the reflection in the FBG) was 
selected to reduce the effect of the noise in the optical signal to noise ratio.
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Hybrid ring-random fiber laser
The first fiber laser was based on a hybrid ring-random fiber laser (Figure 3.38 
(a)). On the one hand, the ring structure used the backward spontaneous Raman 
scattering in order to generate a counterclockwise fiber laser whose wavelength 
operation was determined by the FBG. The random fiber laser, on the other hand, 
created a linear cavity between the FBG and the DCF spool which worked as a 
distributed mirror, thus, this laser used the amplified Rayleigh scattering feed-
back through Raman effect. In conclusion, the output signal was composed of the 
contribution of two fiber lasers with different nature but operating at the same 
wavelength.
To extract a 5% of the laser output power from the ring, a 95% coupler was used 
and an optical spectrum analyzer was utilized to measure different parameters. 
An optical isolator was also included between the optical couplers to ensure uni-
directional operation of the ring laser avoiding spatial hole-burning effect. This 
FIG. 3.38.  Experimental set-up of: (a) the hybrid ring-random fiber laser; (b) the 
ring fiber laser; and (c) random fiber laser. Black arrow symbol: optical isolator. 
Blue arrows: Random laser feedback. Green arrows: Ring laser contributions.
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position of the isolator did not obstruct the random fiber laser behavior.
The scheme of the random fiber laser also included a 95% coupler which, at first 
sight, could seem is in excess. However, it was added to make the comparison 
study under the same conditions of loss in each of the three fiber laser structures. 
ring fiber laser
The second laser had a purely ring topology. As it can be seen in Figure 3.38 (a) 
and (b), both schemes were the same apart from an extra isolator located be-
tween the WDM and the 50 % coupler. This isolator avoided the generation of the 
random fiber laser because the power only could travel in the counterclockwise, 
thus, it was not possible to had feedback from the random mirror. 
random fiber laser 
Figure 3.38 (c) depicts the schematic setup of the random fiber laser. This laser 
was based on a linear cavity formed by two different mirrors: the first one, the 
FBG which selected the emission wavelength and the second one, a distributed 
mirror created by the dispersion compensating fiber reel as it has been previ-
ously explained. It seems important to highlight that angled cleaves were used at 
the fiber end facets to eliminate reflections and to ensure that the feedback was 
only due to the randomly distributed scattering [38]. 
Experimental results
The main goal of this work was the comparison of the three basic configurations 
taking into account different aspects. Firstly, from the optical point of view, the 
parameters of interest were: output power, lasing threshold, slope efficiency, 
power fluctuations and finally, the analysis of the emitted lasing modes. And 
secondly, the applications of the fiber lasers in the optical communication field 
were also studied.
First of all, the output power evolution versus the Raman pump power launched 
to the system was measured using a power meter. The power progressions are 
shown in Figure 3.39 (a) and (b). Both figures show the same result with different 
scales in order to appreciate different aspects of the lasers outputs. One interest-
ing parameter to analyze, from the results displayed on Figure 3.39 (a), is the 
pump power necessary to achieve the laser condition: at the beginning, the out-
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put power increased with a low slope when the pump power was also increased, 
but, afterwards there was a great leap achieved with a small increment of pump 
power, thus the laser behavior was demonstrated. It is also observed from Figure 
3.39 (a) and (b) that the threshold power of the hybrid ring-random laser was 
the lowest, around 390 mW; the purely ring laser threshold was around 500 mW 
and finally, the random mirror was the configuration which needed higher pump 
power, 650 mW, to reach the lasing operation. 
Regarding the output power and slope efficiency, the ring scheme offered the 
better characteristics followed by the hybrid laser; being the random fiber laser 
the worst option taking into account this parameter. 
In conclusion, the combination of the ring and the random cavity improved the 
laser threshold due to a more efficient use of the amplification. However, when 
the laser condition was achieved, a lower final output power, in comparison with 
the ring laser, was obtained because some of the Raman amplification was used 
to amplify the signal that travels in clockwise direction; that was finally lost at the 
isolator. 
Fiber lasers are known to be susceptible to output power instabilities [9], par-
ticularly in multiwavelength fiber lasers but also, although to a lesser extent, in 
the case of single-emission lines. This issue is especially critical because these 
instabilities can degrade the performance characteristics of a telecommunication 
or sensor multiplexing network based on a laser interrogation scheme. Because 
FIGURE 3.39. (a) Experimental demonstration of laser condition through the evolu-
tion the output power versus pump power. (b) Evolution of the output power versus 
pump power presenting the output power with a linear scale where the differences 
of threshold power and efficiency among the proposed fiber lasers are evident.
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of it, the analysis of the output power fluctuations of the proposed lasers was 
required. Figure 3.40 shows the achieved measurements. It should be stressed 
that due to the non multiwavelength operation of the studied fiber lasers, the 
power fluctuations were lower than 0.1 dB in all the cases. The ring cavity offered 
the better stability, and the worst case came from the hybrid ring-random fiber 
laser. This fact may be due to the gain competition established among signals 
amplified from the random and ring cavities. 
 
The study of the longitudinal modes behavior in the cavity can be interesting in 
order to have a more complete understanding of the basic proposed schemes 
both in the extreme cases when the lasers are completely ring or random and in 
the hybrid ring-random laser. 
The purely ring laser generates longitudinal modes which are evenly spaced ac-
cording to the following equation: 
∆f=c/nL        (3.1)
FIGURE 3.40. Output power fluctuations of the three laser configurations versus 
time.
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where c is the speed of the light in vacuum, n is the refractive index of the fiber 
and L is the fiber length of the cavity. Thus, in the fiber ring laser the resonance 
longitudinal modes were spaced around 86.8 KHz. This distance was too low to 
be observed in our optical spectrum analyzers, consequently the longitudinal 
modes were detected in the electrical domain using an ESA. As many modes were 
generated in the cavity due to the long cavity length, the ESA showed the beat 
among the longitudinal modes by means of a heterodyne process. 
Figure 3.41 shows the spectra for the three fiber lasers schemes. As can be seen, 
the purely ring fiber laser presented the narrowest FWHM. This fact demonstrated 
that the presence of random components contributed to broaden the emission 
line width, due to the Rayleigh scattering. On the other hand, Figure 3.41 also 
reveals an OSNR around 60 dB achieved for the three configurations.
Figure 3.42 (a) presents the longitudinal modes beat of the hybrid ring-random 
fiber laser. When the Raman pump was 510 mW, it can be said that the cavity be-
havior was the one of a pure ring, because the random laser had a higher lasing 
threshold and its influence was negligible in the modal evolution. However, when 
the Raman pump was increased, the spectrum was affected by the random mir-
ror effect. On the one hand, the ring had a main role and modes were generated 
at the same frequencies; but on the other hand, the random process had certain 
impact on the behavior: the longitudinal modes were wider and wider and, also, 
the noise floor increased. 
A completely different situation can be seen in Figure 3.42 (b), where the study 
of the longitudinal modes of the pure random fiber laser is shown. In this case, 
FIGURE 3.41. Spectra for the 3 fiber laser configurations using normalized output 
power and normalized wavelength to show the differences among them in terms of 
OSNR and full width at half maximum.
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any longitudinal mode beat signal is observed in the picture in spite of the fact 
that the selected bandwidth was wide enough to address three beating modes. 
This modeless property is a unique characteristic of random fiber laser which is 
the main difference between ring fiber lasers and random fiber lasers. This study 
confirmed the different nature of the fiber lasers under study.
  
For sake of completeness, it seems really important to demonstrate that the hy-
brid random-ring fiber laser was not just a conventional ring cavity fiber Raman 
laser with some impact of Rayleigh scattering but it was really composed of the 
contribution of two fiber lasers with different nature. Set-up shown in Figure 3.43 
was used to carry out this demonstration; it was the same scheme of the hybrid 
random-ring fiber laser presented in Figure 3.38 (a) but taking into account both 
outputs of the 95% coupler.
FIGURE 3.42. (a) Longitudinal modes generated in the hybrid ring-random fiber la-
ser shown by the electrical spectrum analyzer. (b) Study of the beat modes in the 
case of the random fiber laser resulting in a modeless spectrum, characteristic of 
random fiber lasers.
FIGURE 3.43. Schematic set-up for the hybrid random-ring fiber laser in order to 
demonstrated that this laser was composed of the contribution of the ring fiber 
laser and the random fiber laser.
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Figure 3.44 (a) is the key of the demonstration; it shows the electrical spectra 
of both output ports simultaneously. On the one hand, output port 1 (depicted 
in green) shows the hybrid random-ring fiber laser output. Because of the ring 
component, the resonance longitudinal modes appeared equidistant, and their 
separation in the spectrum was inversely proportional to the laser length. How-
ever, on the other hand, in output port 2 (depicted in blue) there were no longi-
tudinal modes but the power level was higher than the receptor noise (depicted 
in black). So, the modeless spectra corroborates that there was a random fiber 
laser in the cavity along with the ring fiber laser. To conclude, the optical spec-
trum of the output port 2 was also studied. Figure 3.44 (b) shows that there was 
also a laser emission in output port 2, which did not belong to the ring fiber laser 
because the ring fiber laser traveled in the opposite direction; thus, there was a 
random fiber laser in the cavity. In conclusion, hybrid fiber laser was composed 
of the contribution of the ring fiber laser and the random fiber laser and it was 
not just a conventional ring cavity fiber Raman laser with some impact of Rayleigh 
scattering.
Finally, the last part of this experimental section was devoted to the possible ap-
plications of the fiber lasers in the optical communication field. To accomplish 
this task, light was internally modulated by a LiNbO
3
 Mach-Zehnder EOM (Electro-
Optical Modulator) with an extinction ratio of ~20 dB, and the signal selected to 
modulate the structure was a square shape one. In order to modulate internally 
the signal of both the ring and hybrid ring-random fiber laser, the electro-optical 
modulator was directly included in the scheme, as shown in Figure 3.45. Con-
FIGURE 3.44. Study of the (a) electrical and (b) optical spectra in order to dem-
onstrate that the hybrid random-ring fiber laser was not just a conventional ring 
cavity fiber Raman laser with some impact of Rayleigh scattering but it was really 
composed of the contribution of the ring fiber laser and the random fiber laser.
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versely, the random configuration was modified to modulate its signal because 
our electro-optical modulator is not a bidirectional component, so a 4 ports cir-
culator was included in order to enable the back and forth path of the random 
signal.
The frequency response characterization of a ring and a random cavity was dem-
onstrated in [9], however here we present a time-domain comparison to analyze 
the modulation distortion of the three configurations. Thus, in the particular case 
of modulating with a frequency of 500 MHz, in the random fiber laser the signal 
was not distorted as can be seen in Figure 3.46; the same happens when the fre-
quency was changed to 499 MHz or 501 MHz. This fact means these kinds of la-
sers are able to adapt their cavities without distortion to each selected frequency 
of modulation. However, ring fiber lasers or hybrid ring-random fiber lasers with 
the ring laser having a dominant role have a conventional behavior: the length 
of the cavity is a decisive parameter because of the fact that it determines the 
possible repetition rate if the laser is internally modulated. Taking into consider-
ation this explanation, when one chooses a modulation frequency arbitrarily, the 
FIGURE 3.45. Position of the electro-optical modulator in the three fiber lasers in 
order to modulate their signals: (a) hybrid ring-random fiber laser; (b) ring fiber 
laser and (c) random fiber laser.
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signal is completely distorted as can be seen in Figure 3.46: the modulation was 
optimized when the frequency is 500 MHZ where the distortion is evident, but, 
this effect was more significant when the frequency was changed only 1 MHz up 
or down, in these cases the distortion was complete.
FIGURE 3.46. Original modulation signal and time domain lasers behavior when 
500 MHz square signal internally modulated the signals of the different proposed 
fiber lasers.
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3.4 CONCLUSIONS
In this chapter different laser configurations have been described and experi-
mentally studied. The main groups that have been discussed and classified 
by their cavity design are: fiber ring lasers, linear cavity lasers and random 
lasers.
In the first part of this chapter (section 3.1) four new configurations of multiwave-
length erbium doped fiber ring lasers has been presented. Much attention have 
been paid to the most crucial parameters such as output power, optical signal 
to noise ratio, instability, bandwidth, the independent control of loss and their 
operation in single longitudinal mode regime.
The first MEDFRL is based on ring resonators and employs fiber Bragg gratings 
to select the operation wavelengths. The topology of the laser has a significant 
influence in its performance: allowing an independent control of the loss and 
achieving a low noise configuration. As a result, it has been experimentally dem-
onstrated that both emission lines work in a single-longitudinal-mode regime, 
showing an optical signal-to-noise ratio that is as high as 65 dB and a power 
stability which varies from 1.1 to 1.25 dB for both emission lines. In this laser, 
the SLM behavior has been achieved by equalization when the output powers of 
the lasing channels are similar. However, there is another way to ensure a stable 
SLM behavior in an EDFRL which is based on thin filtering.  
In the second MEDFRL a new configuration based on a combination of FBGs 
and PSFBGs have been experimentally demonstrated. Two single-longitudinal-
mode wavelength laser emissions have been simultaneously obtained showing 
a power-instability lower than 0.35 dB, a FWHM linewidth lower than 3.5 KHz, an 
optical output close to 0 dBm and an OSNR higher than 55 dB. In addition, we 
achieve an independent control of the loss for each channel of the laser, thus 
improving the equalization process.
The last two MEDFRLs have been based on optical communications elements, 
MUX-DMUX and Add-Drops, in combination with a Hi-Bi-PCF Sagnac loop mirror. 
Four wavelength laser emissions have been obtained simultaneously showing 
power instabilities lower than 2.3 dB for the Add-Drops configuration and lower 
than 1 dB for the MUX-DMUX scheme. Both configurations show an OSNR higher 
than 65 dB. We have also demonstrated the possibility of switching two differ-
ent wavelengths for each channel only by using a tunable filter. Besides this, we 
achieve an independent control of the loss for each channel of the laser, improv-
ing the equalization process. MUX/DMUXs and Add-drops are standard optical 
communication devices, thus the system is adapted to the ITU channels norma-
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tive and, in addition, this device makes it possible to increment the number of 
lasers only by using another with more channels. 
These results have originated the publications in references [39-42]
In section 3.2, a narrow filtering technique based on the spectral overlapping of 
two uniform FBGs has been proposed to achieve a SLM regime in a fiber laser. The 
two uniform FBGs are spectrally detuned during the fabrication process to reduce 
the equivalent filter bandwidth. In order to verify this proposed technique, a DBR 
fiber laser has been fabricated by directly inscribing the two spectral overlapping 
FBGs in a commercial erbium doped fiber. The total length of fiber laser, includ-
ing the two FBGs, is 58 mm. This laser operates in robust SLM regime for different 
working conditions and in two orthogonal polarization modes. The FWHM is less 
than 5 kHz and the higher signal wavelength variation is under 65 MHz (0.52 pm). 
The OSNR is better than 55 dB and the power instability is lower than 0.91 dB for 
a pump power of 26 dBm. It has been also confirmed that the fiber laser main-
tains a SLM behavior over the whole temperature and strain range discussed. 
From the experimental results, we can conclude that the proposed narrow filter-
ing technique has provided a simple approach to achieve a stable SLM fiber laser 
where a precise control of the cavity length is not required. These fiber lasers 
can be particularly appealing for applications requiring high resolution and small 
size sensors.
These results have originated the publication in reference [43]
In sections 3.3.1 and 3.3.2, a single wavelength and a multiwavelength RDFB fi-
ber laser schemes have been proposed and experimentally demonstrated. These 
lasers present sub-gigahertz line-widths for the first time in a random distributed 
feedback laser, to our knowledge. The gain has been provided by the Raman scat-
tering effect along 50 km of single-mode fiber which also acts as a distributed 
mirror. The filtering process has been realized by fiber Bragg gratings placed in 
a loop mirror at the end of the cavity. In the first topology a single emission line 
has been attained with a line-width of 3.2 pm which improves significantly (ap-
prox. 10 times) any other published work up to date. A second scheme has been 
also presented for multi-wavelength operation where four narrow emission lines 
have been obtained with line-widths between 5 and 9 pm. This topology can 
be extended for a greater number of lines and presents a good versatility since 
the wavelength and peak power of each emission line can be independently ad-
justed.
Finally, in section 3.3.3 the behavior of three basic fiber lasers configurations 
have been  experimentally evaluated in order to establish the main pros and 
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cons of each scheme. The first fiber laser is based on a hybrid ring-random fiber 
laser; the second one is a pure ring fiber laser and the last one is a random fiber 
laser. Several aspects have been taken into account in the study: from the opti-
cal point of view, and the possible applications of the fiber lasers in the optical 
communication field.
Summarizing, firstly, the combination of both kind of reflectors, ring and ran-
dom, has a positive effect on the threshold power but a negative consequence 
in the output power and slope efficiency in comparison with the pure ring cavity. 
Secondly, the ring cavity offers the better stability. The worst case belongs to the 
hybrid ring-random fiber laser. Thirdly, the different nature of the basic fiber la-
sers has been evaluated through the study of the longitudinal modes: in the ring 
cavity fiber laser and in the hybrid ring-random fiber laser, the cavity generates 
longitudinal modes equally spaced; however, the random fiber laser is character-
ized by a modeless behavior. Finally, it has been demonstrated that the random 
fiber lasers are able to adapt their cavities to any frequency of internal modula-
tion, in contrast with ring fiber laser or hybrid ring-random fiber lasers, whose 
repetition rate is completely determined by the length of the cavity.
These results have originated the publication in reference [44]
3.5 REFERENCES
[1] A. Bellemare, “Continuous-wave silica-based erbium-doped fibre lasers,” 
Progress in Quantum Electronics, Vol. 27, Iss. 4, pp. 211-266, 2003. 
[2] M. Fernández-Vallejo, S. Diaz, R. A. Pérez-Herrera, R. Unzu, M. A. Quiniela, 
J. M. López-Higuera and M. López-Amo, “Comparison of the stability of ring 
resonator structures for multiwavelength fiber lasers using raman or Er-
Doped fiber amplification,” IEEE J. Quant. Electron., Vol. 45, Iss. 12, pp. 
1551-1557, 2009. 
[3] R. A. Perez-Herrera and M. López-Amo, “Fiber lasers for optical sensing 
applications,” in Advances in Sensors, Signals and Materials - 3rd WSEAS 
International Conference on Sensors and Signals, SENSING 10, 3rd WSEAS 
International Conference on Materials Science, MATERIALS’10, 2010, pp. 
125-129. 
[4] R. A. Perez-Herrera, S. Chen, W. Zhao, T. Sun, K. T. V. Grattan and M. López-
Amo, “Stability performance of short cavity Er-doped fiber lasers,” Opt. 
Commun., Vol. 283, Iss. 6, pp. 1067-1070, 2010. 
CHAPTER III. OPTICAL FIBER LASERS130
[5] A. Bellemare, M. Karásek, M. Rochette, S. LaRochelle and M. Têtu, “Room 
temperature multifrequency erbium-doped fiber lasers anchored on the 
ITU frequency grid,” J. Lightwave Technol., Vol. 18, Iss. 6, pp. 825-831, 
2000. 
[6] C. A. Khansa, S. Bhattacharya and A. Prabhakar, “Multiwavelength Erbium 
doped fiber ring lasers,” Opt. Commun., Vol. 282, pp. 2380-2387, 2009. 
[7] H. Ahmad, A. H. Sulaiman, S. Shahi and S. W. Harun, “SOA-based multi-
wavelength laser using fiber Bragg gratings,” Laser Physics, Vol. 19, Iss. 5, 
pp. 1002-1005, 2009. 
[8] A. M. R. Pinto, O. Frazão, J. L. Santos and M. Lopez-Amo, “Multiwavelength 
fiber laser based on a photonic crystal fiber loop mirror with cooperative 
Rayleigh scattering,” Appl. Phy. B, Vol. 99, Iss. 3, pp. 391-395, 2010. 
[9] M. Bravo, M. Fernandez-Vallejo and M. Lopez-Amo, “Internal modulation of 
a random fiber laser,” Opt. Lett., Vol. 38, Iss. 9, pp. 1542-1544, 2013. 
[10] G. Ning, P. Shum, J. Q. Zhou and L. Xia, “Multiwavelength Raman fiber laser 
inserting a sampled chirped fiber bragg grating,” Microwave Opt Technol 
Lett, Vol. 49, Iss. 9, pp. 2242-2245, 2007. 
[11] R. A. Pérez-Herrera, M. A. Quintela, M. Fernández-Vallejo, A. Quintela, M. 
López-Amo and J. M. López-Higuera, “Stability comparison of two ring res-
onator structures for multiwavelength fiber lasers using highly doped er-
fibers,” J. Lightwave Technol., Vol. 27, Iss. 14, pp. 2563-2569, 2009. 
[12] M. A. Quintela, R. A. Perez-Herrera, I. Canales, M. Fernández-Vallejo, M. 
Lopez-Amo and J. M. López-Higuera, “Stabilization of dual-wavelength 
erbium-doped fiber ring lasers by single-mode operation,” IEEE Photonics 
Technology Letters, Vol. 22, Iss. 6, pp. 368-370, 2010. 
[13] S. K. Turitsyn, S. A. Babin, D. V. Churkin, I. D. Vatnik, M. Nikulin and E. V. Po-
divilov, “Random distributed feedback fibre lasers,” Physics Reports, Vol. 
542, Iss. 2, pp. 133-193, 2014. 
[14] A. M. R. Pinto, O. Frazão, J. L. Santos, M. Lopez-Amo, J. Kobelke and K. 
Schuster, “Interrogation of a suspended-core Fabry-Perot temperature 
sensor through a dual wavelength Raman fiber laser,” J. Lightwave Tech-
nol., Vol. 28, Iss. 21, pp. 3149-3155, 2010. 
[15] S. Pan, Z. Xiaofan and L. Caiyun, “Switchable single-longitudinal-mode 
dual-wavelength erbium-doped fiber ring laser incorporating a semicon-
ductor optical amplifier,” Opt. Lett., Vol. 33, Iss. 8, pp. 764-766, 2008. 
OPTICAL FIBER LASERS 131
[16] K. Zhang and J. U. Kang, “C-band wavelength-swept single-longitudinal-
mode erbium-doped fiber ring laser,” Optics Express, Vol. 16, Iss. 18, pp. 
14173-14179, 2008. 
[17] J. L. Zhou, L. Xia, X. P. Cheng, X. P. Dong and P. Shum, “Photonic generation 
of tunable microwave signals by beating a dual-wavelength single longitu-
dinal mode fiber ring laser,” Appl. Phy. B, Vol. 91, Iss. 1, pp. 99-103, 2008. 
[18] Y. Dai, X. Chen, D. Jiang, S. Xie and C. Fan, “Equivalent phase shift in a fiber 
Bragg grating achieved by changing the sampling period,” IEEE Photonics 
Technology Letters, Vol. 16, Iss. 10, pp. 2284-2286, 2004. 
[19] B. J. Eggleton, P. A. Krug, L. Poladian and F. Ouellette, “Long periodic su-
perstructure Bragg gratings in optical fibres,” Electron. Lett., Vol. 30, Iss. 
19, pp. 1620-1622, 1994. 
[20] R. Kashyap, “Fiber Bragg Gratings”, Academic Press,1999. 
[21] X. Zhou, G. Liang and T. Wang, “An optical add-drop multiplexer design 
based on fiber bragg gratings,” in ICEOE 2011 - 2011 International Confer-
ence on Electronics and Optoelectronics Proceedings, Vol.2 , pp. 241-243, 
2011. 
[22] L. D. Garrett, M. H. Eiselt, J. M. Wiesenfeld, M. R. Young and R. W. Tkach, 
“Bidirectional ULH transmission of 160-Gb/s full-duplex capacity over 
5000 km in a fully bidirectional recirculating loop,” IEEE Photonics Tech-
nology Letters, Vol. 16, Iss. 7, pp. 1757-1759, 2004. 
[23] K. Okamoto, K. Takiguchi and Y. Ohmori, “16-channel optical add/drop 
multiplexer using silica-based arrayed-waveguide gratings,” Electron. 
Lett., Vol. 31, Iss. 9, pp. 723-724, 1995. 
[24] V. Kaman, X. Zheng, S. Yuan, J. Klingshirn, C. Pusarla, R. J. Helkey, O. Jer-
phagnon and J. E. Bowers, “A 32 × 10 Gb/s DWDM metropolitan network 
demonstration using wavelength-selective photonic cross-connects and 
narrow-band EDFAs,” IEEE Photonics Technology Letters, Vol. 17, Iss. 9, pp. 
1977-1979, 2005. 
[25] C. Zhao, X. Yang, C. Lu, W. Jin and M. S. Demokan, “Temperature-insensi-
tive interferometer using a highly birefringent photonic crystal fiber loop 
mirror,” IEEE Photonics Technology Letters, Vol. 16, Iss. 11, pp. 2535-2537, 
2004. 
[26] O. Frazão, J. P. Carvalho and H. M. Salgado, “Low-loss splice in a micro-
structured fibre using a conventional fusion splicer,” Microwave Opt Tech-
nol Lett, Vol. 46, Iss. 2, pp. 172-174, 2005. 
CHAPTER III. OPTICAL FIBER LASERS132
[27] M. Ibsen, B. J. Eggleton, M. G. Sceats and F. Ouellette, “Broadly tunable 
DBR fibre laser using sampled fibre Bragg gratings,” Electron. Lett., Vol. 31, 
Iss. 1, pp. 37-38, 1995. 
[28] X. He, X. Fang, C. Liao, D. N. Wang and J. Sun, “A tunable and switchable 
single-longitudinalmode dual-wavelength fiber laser with a simple linear 
cavity,” Optics Express, Vol. 17, Iss. 24, pp. 21773-21781, 2009. 
[29] S. Sugavanam, N. Tarasov, X. Shu and D. V. Churkin, “Narrow-band genera-
tion in random distributed feedback fiber laser,” Optics Express, Vol. 21, 
Iss. 14, pp. 16466-16472, 2013. 
[30] L. Wang, X. Dong, P. P. Shum and H. Su, “Tunable erbium-doped fiber laser 
based on random distributed feedback,” IEEE Photonics Journal, Vol. 6, 
Iss. 5, 2014. 
[31] Y. Y. Zhu, W. L. Zhang and Y. Jiang, “Tunable multi-wavelength fiber laser 
based on random rayleigh back-scattering,” IEEE Photonics Technology 
Letters, Vol. 25, Iss. 16, pp. 1559-1561, 2013. 
[32] V. DeMiguel-Soto, M. Bravo and M. Lopez-Amo, “Fully switchable multi-
wavelength fiber laser assisted by a random mirror,” Opt. Lett., Vol. 39, Iss. 
7, pp. 2020-2023, 2014. 
[33] S. Sugavanam, Z. Yan, V. Kamynin, A. S. Kurkov, L. Zhang and D. V. Churkin, 
“Multiwavelength generation in a random distributed feedback fiber laser 
using an all fiber Lyot filter,” Optics Express, Vol. 22, Iss. 3, pp. 2839-2844, 
2014. 
[34] Z. N. Wang, Y. J. Rao, H. Wu, P. Y. Li, Y. Jiang, X. H. Jia and W. L. Zhang, “Long-
distance fiber-optic point-sensing systems based on random fiber lasers,” 
Optics Express, Vol. 20, Iss. 16, pp. 17695-17700, 2012. 
[35] M. Bravo, V. De Miguel-Soto, A. Ortigosa and M. Lopez-Amo, “Fully switch-
able multi-wavelength fiber laser based interrogator system for remote 
and versatile fiber optic sensors multiplexing structures,” in Proceedings 
of SPIE 9157, 23rd International Conference on Optical Fibre Sensors (OFS-
23), 91576P, 2014. 
[36] A. M. R. Pinto, M. Lopez-Amo, J. Kobelke and K. Schuster, “Temperature 
Fiber laser sensor based on a hybrid cavity and a random mirror,” J. Light-
wave Technol., Vol. 30, Iss. 8, pp. 1168-1172, 2012. 
[37] X. H. Jia, Y. J. Rao, Z. N. Wang, W. L. Zhang, Y. Jiang, J. M. Zhu and Z. X. Yang, 
“Towards fully distributed amplification and high-performance long-range 
OPTICAL FIBER LASERS 133
distributed sensing based on random fiber laser,” in Proceedings of SPIE 
8421, 22nd International Conference on Optical Fiber Sensors (OFS-22), 
842127, 2012, . 
[38] A. M. R. Pinto, O. Frazão, J. L. Santos and M. López-Amo, “Multiwavelength 
Raman fiber lasers using Hi-Bi photonic crystal fiber loop mirrors com-
bined with random cavities,” J. Lightwave Technol., Vol. 29, Iss. 10, pp. 
1482-1488, 2011. 
[39] S. Rota-Rodrigo, R. A. Perez-Herrera, M. Fernandez-Vallejo and M. López-
Amo, “Low noise dual-wavelength erbium fiber laser in single-longitudi-
nal-mode operation,” Appl. Phy. B, Vol. 106, Iss. 3,  pp. 563-567, 2012. 
[40] S. Rota-Rodrigo, L. Rodriguez-Cobo, M. A. Quintela, J. M. Lopez-Higuera 
and M. Lopez-Amo, “Dual-wavelength single-longitudinal mode fiber laser 
using phase-shift bragg gratings,” IEEE Journal on Selected Topics in Quan-
tum Electronics, Vol. 20, Iss. 5, pp. 161-165, 2014. 
[41] S. Rota-Rodrigo, R. A. Perez-Herrera, I. Ibañez, A. M. R. Pinto, M. Fernan-
dez-Vallejo and M. Lopez-Amo, “Multiwavelength fiber ring laser based on 
optical add-drop multiplexers and a photonic crystal fiber Sagnac interfer-
ometer,” Opt. Laser Technol., Vol. 48, pp. 72-74, 2013. 
[42] S. Rota-Rodrigo, I. Ibañez and M. López-Amo, “Multi-wavelength fiber la-
ser in single-longitudinal mode operation using a photonic crystal fiber 
Sagnac interferometer,” Appl. Phy. B, Vol. 110, Iss. 3, pp. 303-308, 2013. 
[43] L. Rodriguez-Cobo, M. A. Quintela, S. Rota-Rodrigo, M. López-Amo and J. 
M. López-Higuera, “Single-longitudinal mode laser structure based on a 
very narrow filtering technique,” Optics Express, Vol. 21, Iss. 8, pp. 10289-
10294, 2013. 
[44] M. Fernandez-Vallejo, S. Rota-Rodrigo and M. Lopez-Amo, “Comparative 
study of ring and random cavities for fiber lasers,” Appl. Opt., Vol. 53, Iss. 
16, pp. 3501-3507, 2014. 

CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 





CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 
PTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPT  
R IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER I
CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CH
ER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER
IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV CHAPTER IV 







Optical fiber sensors have been thoroughly investigated due to 
their competitive application in the monitoring and control of 
some physical and chemical parameters. As stated in chapter 
2, a fiber optic sensor presents relevant advantages, such as 
its immunity to electromagnetic interference, small size, reli-
ability, remote sensing ability and multiplexing capability. 
The measure of physical parameters such as temperature, 
strain or curvature has grown significantly in importance for 
health monitoring of aerospace, marine or civil structures; and 
in fabrication processes, among others [1, 2].Throughout this 
chapter, different configurations of optical fiber sensors for 
monitoring these parameters are presented.
Section 4.1 presents a strain sensor based on a microstruc-
tured optical fiber (MOF). The sensor comprises a Hi-Bi MOF 
transducer to measure the reflected signal using interferome-
try. A deep experimental study of the sensing head´s polariza-
tion components is conducted utilizing an optical backscatter 
reflectometer, confirming the theoretical predictions. Using 






signals is isolated allowing us to measure accurately strain 
variations. 
Section 4.2 shows a microstructured optical fiber strain sen-
sor. The sensor comprises a suspended core MOF between 
SMFs and is based on the multimodal interference generated 
in these transitions. A strain sensitivity study for different sens-
ing heads and stage separation lengths is carried out. Also the 
sensing head is tested for curvature and temperature, show-
ing in the first case that it is insensitive to curvature effects, 
and secondly, that for small sensor lengths it is insensitive to 
temperature variations.
Section 4.3 presents a multimodal interferometer based on 
a suspended core MOF for simultaneous strain and tempera-
ture measurements. The structure is also employed for angle 
measurements. The sensor comprises a 3mm suspended core 
MOF between SMFs and is based on the combination of two 
multimodal interferences with different frequency fringe pat-
terns. The interferometric patterns show different sensitivity 
responses to strain and temperature. Through a low-pass fre-
quency filtering of the detected spectrum, the wavelength shift 
of the two patterns can be measured allowing the discrimina-
tion of strain and temperature effects. The sensor is also char-
acterized for simultaneous measurement of bend angle and 
temperature.
Finally section 4.4 summarizes the chapter’s main conclu-
sions.
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4.1. HI-BI MOF IN REFLECTION STRAIN SENSOR 
As it has been seen in section 2.4.4, microstructured optical fibers provide unprec-
edented properties for sensing in comparison with standard fibers. Concretely, 
the sensor presented in this section exploits two properties of a high-birefringent 
MOF: high sensitivity to strain and, a negligible sensitivity to temperature.  In ad-
dition, the sensor is designed in reflection in order to make it more versatile for 
applications with a difficult access to the measurement zone. 
Operation principle
The optical transducer presented in this section is based on the Hi-Bi MOF shown 
in Figure 4.1 (b). As seen before, when light is launched into a high birefringent 
fiber the difference in velocities between the two birefringent axes becomes in a 
phase difference in the waves, determined by the fiber beat length (L
B
).
Since the sensing head works in reflection, the interferometric signal is propor-
tional to twice the fiber length and its wavelength dependence can be expressed 
by (4.1), where l is the fiber length, A is the amplitude and f is the total phase:
   
The total phase is defined as f=f0+∆f,  where f
0
 is the initial phase and ∆f is the 
phase change induced by external perturbations. When strain is applied to the 
fiber, the phase variation will be given by:
Where ∆l and ∆b are the length and birefringence variations, respectively.
Sensing head characterization
The developed Hi-Bi MOF sensing head was obtained by splicing one end of 20.8 
cm Hi-Bi MOF to a SMF (splice maximum loss of 2 dB) and cleaving the other end. 
The Hi-Bi MOF was a polarization maintaining MOF (PM-1550-01 from NKT Photon-
ics) with a beat length of ~3.65 mm at 1550 nm and an attenuation of 1.0 dB/Km 
(cross section photograph can be seen in Figure 4.1 (b)).  Figure 4.1 (a) presents 
(4.1)
(4.2)
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the characterization setup using an optical backscattering reflectometer (OBR), 
a linear polarizer, a polarization controller and the Hi-Bi MOF sensing head. The 
OBR used is fabricated by Luna Technologies and presents characteristics such 
as high spatial resolution (up to ~10 mm) for different measurable magnitudes, 
such as amplitude, polarization states and return loss in time and frequency do-
mains.
In the experimental setup depicted in Figure 4.1, the linear polarizer converted 
the polarization state of the light source into a linear one, while the polarization 
controller allowed to adjust the alignment angle with the MOF. When the light 
was propagated along the MOF, a phase shift was generated between the two 
birefringent axes due to its own birefringence. The reflected light passed again 
through the linear polarizer producing the interference between the delayed 
component signals. The interferometric signal obtained from the sensing head, 
when no external forces acted on it, is presented in Figure 4.2.
FIGURE 4.1. (a) Schematic of the experimental setup used to characterize the Hi-
Bi MOF sensing head and (b) optical microscopic picture of the Hi-Bi MOF cross-
section.
FIGURE 4.2. Reflected spectrum of the Hi-Bi MOF interferometer when no external 
force is induced on the sensing head.
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Since the sensing head was based on a Hi-Bi MOF, it was sensitive to the angle 
between the input polarized light and the birefringent axes of the fiber. It was ex-
pected from theory, that if this angle was 0º or 90º there would be no interference 
signal, however if the angle was 45º both components should have the same 
optical input and the interference pattern shown a maximum. Figure 4.3 presents 
the interferometric spectra obtained for different angles between the input light 
and the birefringent axes. These results were obtained using the setup shown in 
Figure 4.1.
When strain variations were inflicted to the MOF sensing head, the output in-
terference pattern (presented in Figure 4.3) should shift in wavelength. Figure 
4.4 displays the experimental and theoretical results obtained for three differ-
ent strain variations (0 me, 500 me and 1000 me). As it can be seen in Figure 4.4, 
the interferometric spectrum presented a wavelength shift when strain variations 
were forced into the sensing head, which was quite in agreement with the simu-
lations presented. Based on this characterization, strain measurement could be 
achieved by monitoring the interference wavelength shift, which was proportion-
al to strain variations.
FIGURE 4.3. Interferometer spectra obtained for different polarization controller 
positions.
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Sensor system and experimental results
After the characterization of the Hi-Bi MOF sensing head, its response to strain 
variations was measured through a more usual setup, which is presented in Fig-
ure 4.5. The experimental configuration consisted of a laser working at 1554 nm 
(Ando AQ8201-13), a circulator, a linear polarizer, a polarization controller, the 
Hi-Bi MOF sensing head, and an OSA with a maximum resolution of 10 pm. Af-
ter passing through the circulator, the laser light was linearly polarized and the 
polarization angle optimized before reaching the Hi-Bi MOF sensing head. The 
interferometric reflected signal made another pass through the circulator before 
reaching the OSA.
When strain changes were enforced into the Hi-Bi MOF sensing head, its output 
signal shifted in wavelength (see Figure 4.4). Using the cost effective system il-
lustrated in Figure 4.5, the sensing head interrogation was carried out by using 
FIGURE 4.4. Experimental results (solid line) and theoretical simulations (dash line) 
of the reflected output signal for three different strain induced variations.
FIGURE 4.5. Experimental setup for strain measurement with an interferometric in-
reflection Hi-Bi MOF sensing head.
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the laser, transforming the sensor system into an intensiometric one. Since its 
interrogation was made now at a fixed laser wavelength, the output signal due 
to strain changes presented power shifts. Since the Hi-Bi MOF sensing head was 
illuminated by the narrow band emitted laser signal, the output signal level cor-
responded only to the attenuated transmitted bandwidth of the laser. As so, if 
the laser wavelength was placed at an interferometric minimum, the output peak 
power was at its minimum value. On the contrary, if the emitted wavelength cor-
responded to an interferometric maximum, the output peak power reached its 
maximum value. This provided a visual sensation that the laser line was sweep-
ing the interferometric signal, as the output peak power varied between a maxi-
mum and a minimum. The observed power shift with strain induced variations is 
depicted in Figure 4.6, using a stepper motor with increments of 22.2 me. The Hi-
Bi MOF sensing head interference pattern may be divided in two different zones. 
The initial one shows a quadratic behavior. Afterwards, the second zone shows a 
linear one; being this last zone characterized by a sensitivity to strain variations 
of 7.96 dB/me in an operative region of 1200 me. The breaking point of the sensor 
head was found to be close to 5000 me.
The presented sensing head sensitivity to strain induced variations was higher 
than other developed structures based on this fiber. For instance, when using the 
Hi-Bi MOF as the sensing element in a fiber loop mirror a sensitivity to strain that 
varied from 2.7 dB/me at 1530 nm to 3.2 dB/me at 1545 nm was obtained [3]. 
This interferometric sensing head showed an appropriate response to strain vari-
ations, opening the possibility to obtain even better performance with a proper 
auto-referenced interrogation scheme such as a highly stable in-quadrature dual-
FIGURE 4.6. Measured optical power variation with strain of the Hi-Bi MOF sensing 
head.
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wavelength fiber laser [4]. Also, the use of this system in reflection is an attractive 
choice as a basic sensing element, since it is simple, compact and presents the 
ability for remote sensing and multiplexing.
4.2. CONTROL OF THE STRAIN SENSITIVITY OF A MOF SENSOR
The aim of this section is the optimization of a microstructured optical fiber sen-
sor for strain measures. In this regard, a study of its sensitivity depending on the 
sensor length and its fixing points is conducted.
Description of the sensor system
The sensor was based on the multimode interference created by introducing a 
section of a suspended core MOF (Fabricated by the Institute of Photonic Tech-
nology, IPHT, Jena, Germany) between two SMFs, Figure 4.7. Our MOF presents a 
3 mm core enclosed by four large holes and a multimode behavior. The SMF-MOF 
splices were done using a splice machine (Fitel S182PM) in manual mode, with 
an arc-power of 110 (splicer parameter) and an arc-duration of 750 ms.
Experimental results
The characterization of the MOF sensing head response to strain variations was 
measured through the experimental setup presented in Figure 4.7 (a). The ex-
perimental configuration consisted of an EDFA (Fiberamp-BT 1400) as broadband 
source, the sensing head and an OSA (Advantest Q8384) with a maximum resolu-
tion of 10 pm. The fiber was fixed by two translation stages in order to apply strain 
by moving one of the stages while the other remains fixed. For this characteriza-
tion, a series of measurements for three different stages separations, d=0.125 
m, d= 0.25 m and d=0.50 m, and for different sensor lengths (L) was carried out. 
FIGURE 4.7. (a) Schematic of the strain sensor system. (b) Microscopy photograph 
of the Suspended Core MOF cross-section.
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Figure 4.8 shows the variations of the optical spectrum of the sensing head for 
two cases, a) L=5 mm with d=0.5 m and b) L=20 mm with d=0.5 m, for three dif-
ferent strain values. This figure also shows a linear behavior of both sensors with 
strain; however their sensitivities were different.
Figure 4.9 shows the sensitivity of the sensing head depending on the sensor 
length (L) and the stage lengths (d). From these results there are two conclusions 
to be drawn. Firstly the sensitivity was increased with the stage lengths. This ef-
fect is justified by the fact that the Young module of the MOF was less than the 
SMF´s one, as stated in section 2.4.4.5. Taking this into account, for a constant 
sensor length L, when the stages length was increased, it was necessary a major 
displacement to obtain the same strain. Therefore, the MOF, which presented a 
FIGURE 4.8.  Variations of the optical output spectrum at different strain values for 
sensor L=5 mm (a) and L=20 mm (b) with a d=0.5 m. 
FIGURE 4.9. Wavelength dependence with strain for sensor L=5 mm (black) and 
L=20 mm (red).
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lower Young module than SMF, experienced a major elongation generating a ma-
jor sensitivity in the sensing head.
Secondly, the sensitivity varied with the sensor length. In the case of the MOF, 
these variations were due to the combination of the different modes of the fiber 
at its output. When the light was coupled from the SMF to the MOF, few modes 
were excited, each one with a different propagation constant, that produced a 
phase delay between modes. In the transition from the MOF to the SMF the dif-
ferent modes were combined with its respective phase differences, generating 
the interference pattern. When a strain was applied to the sensor, an increment 
of the sensor length was produced and consequently, the modes experimented a 
different change in their phase. 
These properties of the optical transducer provoked the changes in the sens-
ing head sensitivity shown in Figure 4.10. The best values of strain sensitivity, 
-2.42 pm/me and -2.40 pm/me, were achieved for L=5 mm and L=75 mm sensor 
lengths, respectively, with a 50 cm stages´ separation.
Taking into account this strain characterization, a temperature study for 5 mm 
and 75 mm sensor lengths was carried out. Figure 4.11 shows that for the 75 mm 
sensor a sensitivity of 5.93 pm/oC was achieved. However, for the 5 mm sensor 
the temperature effect was negligible due to its short length.
FIGURE 4.10.  Sensor´s sensitivity characterization according to the sensor length 
(L) and the stage lengths (d).
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Also, a curvature effect study was carried out showing that the behavior of the 
sensor remained constant for bending radii higher than 0.25 m. 
4.3. MULTIMODAL INTERFEROMETER BASED ON A SUSPENDED CORE MOF FOR 
SIMULTANEOUS MEASUREMENT OF PHYSICAL PARAMETERS
As seen before, a MOF sensor can be used for strain, temperature or curvature 
monitoring. Usually, the sensor is used for monitoring just one of these param-
eters, and the simultaneous variations of other parameters could affect the mea-
sures. Therefore these kinds of sensors require the use of another element as a 
reference [5, 6]. In this regard, the possibility to isolate different physical param-
eters using the same sensing head allows the simultaneous measurement of dif-
ferent parameters. In this section, a sensor based on a suspended core MOF for 
simultaneous measurement of physical parameters is presented.
Description of the sensor system
The sensing principle derived from the analysis of the interferogram which re-
sulted from the combination of two different multimodal interferometric patterns 
originated by introducing a 3 mm long suspended-core MOF (Fabricated by the 
Institute of Photonic Technology, IPHT, Jena, Germany) between two SMFs (see 
Figure 4.12). This MOF presented an asymmetric core with a ~ 2.4 mm diameter 
enclosed by three large holes, showing a multimode behavior. The shorter length 
of the sensor and its configuration in transmission made it more versatile than 
sensors based on a fiber loop mirror in which the length usually is in the order of 
centimeters [7, 8].
FIGURE 4.11. Characterization of the wavelength shift with temperature for the 
5mm (red) and 75mm (black) sensor length.
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The SMF-MOF splices were done using a splice machine (Fitel S182PM) in manual 
mode, with an arc-power of 60 (splicer parameter) and an arc-duration of 650 ms.
The experimental configuration included an EDFA (Fiberamp-BT 1400) operating 
as a broadband optical source and an OSA (Advantest Q8384) with a maximum 
resolution of 10 pm. The fiber was fixed on two translation stages, separated 
50 cm, in order to apply strain by moving one of the stages while the other re-
mains fixed.
Figure 4.13 (a) shows the transmission spectrum of the sensing head (dark line). 
Two different frequency components were appreciated, associated to the high 
and low frequency fringe patterns. The low frequency one came from the birefrin-
gence generated by the asymmetric core of the MOF, while the high frequency 
pattern resulted from the interference of the modes propagated in the sensing 
head fiber, which showed a multimode behavior. 
FIGURE 4.12. (a) Schematic of the strain sensor system and (b) microscopy photo-
graph of the suspended core MOF cross-section (bottom).
FIGURE 4.13. (a) Optical transmission spectra of the sensor when no external force 
is applied at room temperature (dark line), and low pass filtering with processing 
software (red line).  (b) Fast Fourier transform of the optical transmission spectra.
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Figure 4.13 (b) gives the fast Fourier transform (FFT) of the transmission spectrum 
shown in Figure 4.13 (a), evidencing the two frequency components, f1 and f2, 
which correspond to the low and high frequency fringe patterns, respectively. 
The low frequency component presented in Figure 4.13 (a) was obtained using a 
digital low-pass filter with a cut-off frequency of 0.14 nm-1. The presence of two 
clearly periodic interferences, allowed the repeatability of the sensor in compari-
son with those based on a non-periodic interference [5, 7].
Simultaneous strain and temperature measurements
For the strain characterization of the sensing head a measurement from 0 to 2000 
me with steps of 200 me was carried out. Figure 4.14 (a) shows the wavelength 
shift of each interference pattern. This characterization was carried out by track-
ing a maximum of the spectrum of each interference pattern. The low-frequency 
interferogram had a considerable higher sensitivity, -3.16 pm/me, in comparison 
with the +0.34 pm/me of the high-frequency one. Figure 4.14 (b) shows the evolu-
tion with strain of the low-frequency spectrum.
Once the strain response was characterized, a temperature study was carried out. 
For this purpose, a measurement from 40ºC to 70ºC with steps of 5ºC was con-
ducted. Figure 4.15 (a) shows that in this case that the high-frequency interfero-
gram had a higher sensitivity (25.30 pm/ºC) compared with the low-frequency 
one (-6.01 pm/ºC). The unfiltered spectral evolution with temperature variations 
is shown in Figure 4.15 (b).
FIGURE 4.14. (a) Characterization of the wavelength shift with strain, and (b) spec-
tral evolution of the multimode interference with strain.
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With the results obtained from the strain and temperature dependence of the two 
interferometric patterns, it can be written:
    





 are expressed in pm.  These equations reveal that it is 
possible to discriminate the strain and temperature effects by rearranging them 
in the following way: 
The temperature and strain measurement based on this approach showed reso-
lutions, dT and de, which were calculated using the method presented in [9], 
considering that the OSA has a spectral resolution of dOSA=10 pm. It turned out 
values of dT = 0.45ºC and de = 4.02 me, which compares favorably with values 
reported by other authors, as outlined in Table 4.1.  
FIGURE 4.15. (a) Characterization of the wavelength shift with temperature, and (b) 
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Simultaneous angle and temperature measurements
The sensor was also characterized for bend angle (a) measurements. An angle 
stepper was used in the range of -90 deg to +90 deg with steps of 30 deg (Figure 
4.16). The angle was measured with respect to the two fixed points of the fiber 
(Figure 4.16 in blue), with a separation of 7.5 cm.
Figure 4.17 shows the evolution of the low-frequency spectral interferogram with 
the angle applied, indicating an appreciable change in wavelength and ampli-
tude. In order to overcome in the measurement attenuation effects, it was de-
cided to track the wavelength evolution, which is shown in Figure 4.17 (b). It can 
be observed that the sensor presented two regions with different sensitivities. 
This was attributed to the MOF asymmetric core and its birefringence. However, 
both regions revealed a linear behavior. The angular sensitivity of the sensor was 
dependent on the position of the fiber core with respect to the angle direction. 
FIGURE 4.16. Setup of the bend sensor showing the angle stepper.
TECHNOLOGY ∆Ε ∆T YEAR REF.
Modal interferometer + 
FBG
9.1 me 0.27oC 2010 [5]
Modal interferometer + 
LPG
5.2 me 1.5oC 2012 [6]
Clover MOF Sagnac 11 me 2.0oC 2012 [7]
Hi-Bi PCF Sagnac 4.7 me 1.5oC 2010 [8]
TABLE 4.1. Values for strain and temperature resolutions under si-
multaneous measurement obtained considering other fiber optic 
sensing layouts.
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From the date shown in Figure 4.17 (b) , a sensitivity value of 5.67 pm/deg was 
derived for the range 0 to -90 deg, while for the range 0 to 90 deg, was 9.17 pm/
deg.
Likewise, the high-frequency spectral interferogram presented the same behav-
ior (see Figure 4.18), in this case with sensitivities of -2.17 pm/deg and -7.83 
pm/deg in the ranges of 0 to -90 deg and 0 to 90 deg, respectively.
Due to the linear behavior of the sensor response in each angular zone, it was 
possible to configure the sensing head for simultaneous measurement of bend 
FIGURE 4.17. (a) Evolution of the low-frequency interferogram with angle, and (b) 
characterization of the wavelength shift with curvature.
FIGURE 4.18. Characterization of the wavelength shift of the high-frequency inter-
ferogram with curvature.
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angle and temperature. For this purpose we used the characterization in the 
range from 0 to 90 deg which presented a higher sensitivity to angle variations. 
The wavelength variation (in pm) of the high and low frequency interferograms 
can be expressed as:
    
This way the angle and temperature can be calculated by: 
   
Applying the same approach considered for the simultaneous measurement of 
strain and temperature, the resolution was evaluated resulting in values of da = 
1.69 deg and dT = 0.92 ºC, for curvature and strain respectively.
4.4. CONCLUSIONS
This chapter has provided a review of the work carried out related to transducers 
based on microstructured optical fibers. Three sensors with different behaviors 
have been presented. In this section the MOF unusual features, in comparison 
with standard fibers, have been exploited.
In the first MOF sensor a configuration for an interferometric fiber optic strain 
sensor has been presented and experimentally demonstrated. The sensing head 
has been achieved by using a Hi-Bi MOF in-reflection. An experimental charac-
terization of this sensing head was made using an optical backscatter reflectom-
eter, which is in accordance with the presented theoretical simulations. Using a 
more cost-effective setup, strain variations can be accurately retrieved. The in-
reflection sensing head presents a sensitivity of 7.96 dB/me to strain induced 
variations. Due to the demonstrated strain sensitivity, this interferometric sens-
ing head is a very attractive solution for applications such as strain measurement 
in hazard environments and health monitoring of complex structures.
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The second sensor which has been presented is a strain fiber optic sensor based 
on multimode interferences. The sensing head has been accomplished by using 
a suspended core MOF in transmission. A characterization study of the influence 
of the length of the sensor and the applied strain in the sensitivity of the system 
has been carried out. This study shows that the sensitivity increases with the sep-
aration of the stages and also shows an optimal sensor length of 5 mm and 75 
mm with the higher sensitivities, for a 0.5 m stage separation of -2.42 pm/me and 
-2.40 pm/me respectively. For this sensor length values a temperature character-
ization has been also carried out, showing that the best length sensor option is 
5 mm, that is practically insensitive to temperature variations, whereas the 75 
mm sensor has a sensitivity of 5.93 pm/ºC. Also the insensitivity of system to the 
curvature effect  for bending radii higher than 0.25 m has been demonstrated.
These results have been published in [12].
Finally, a simultaneous temperature-strain fiber optic sensor based on the com-
bination of the characteristics of two interferograms with distinct frequency fringe 
patterns has been presented. The sensing head has been accomplished by using 
a three hole suspended core MOF operated in transmission. Each interferomet-
ric pattern presents different response to strain and temperature, allowing the 
simultaneous measurement of both parameters. Through a low-pass frequency 
filtering of the detected spectrum, the wavelength displacement of each inter-
ferogram can be measured allowing the discrimination of temperature and strain 
with resolutions of 0.45ºC and 4.02 me, respectively. Furthermore, the sensor has 
been tested for angle measurements, demonstrating that a sensitivity of 9.17 
pm/deg in the 0 to 90 deg range is possible. In this regard, results have been pre-
sented indicating the feasibility of simultaneous measurement of bend angles 
and temperature with resolutions of ±1.69 deg and ±0.92ºC, respectively.
These results have been published in [13,14]
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Throughout chapters 3 and 4, different fiber lasers and trans-
ducers have been presented. The aim of this chapter is to 
combine both types of structures, in order to obtain an opti-
cal fiber sensor system. Throughout this chapter, different 
configurations of fiber sensor systems are presented, show-
ing their main properties such as stability, sensitivity, out-
put power and OSNR. Moreover, other features like multiplex-
ing, scalability or remote monitoring, are taken into account.
Section 5.1 shows two ultra-long range fiber Bragg grating sen-
sor interrogation systems. In the first approach four FBGs are 
located 200 km away from the monitoring station and a signal 
to noise ratio of 20 dB is obtained. The second improved ver-
sion is able to detect the four multiplexed FBGs placed 250 km 
away, offering a signal to noise ratio of 6–8 dB. Both systems are 
based on a wavelength swept laser to scan the reflection spec-
tra of the FBGs, and they are composed of two identical-length 
optical paths: the first one aims to launch the amplified laser 
signal by means of Raman amplification, and the other one is 
employed to guide the reflected signals to the reception system.
Section 5.2 presents a fiber laser sensor system for tempera-
ture measurements. This system is based on the detection in 
the electrical domain of the resulting beat signal of two dif-
ferent SLM laser lines, which are generated by an EDFRL. The 
SLM operation is achieved by using PSFBGs with ultra-narrow 
bandwidths. Two Independent cavities for the reference signal 
and sensor signal generation are used to avoid the wavelength 
competition and to improve the stability. Also, this configura-
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tion allows the control of the temperature operation point of 
the system by adjusting the temperature in the reference side.
Section 5.3 shows a 50 Km remote and switchable fiber optic 
sensing system based on an EDFRL. The system allows the inte-
gration of different interrogation methods based on the detection 
of wavelength or amplitude variations of the laser. This integra-
tion is carried out by sequentially activating different ring cavities 
through an optical switch. With this scheme, the maximum gain 
zone of the erbium doped fiber amplifier can be used to increase 
the distance of the sensor system. Also, experimental demonstra-
tions of a bending intensity sensor and a FBG based strain sensor, 
for high and low-strain measurements respectively, are presented.
Section 5.4 presents a multi wavelength EDFRL system for 
sensing applications based on MUX/DMUX and fiber Bragg 
gratings. The FBGs actuate as wavelength selection meth-
od and at the same time, as sensors. Four-wavelength la-
ser emissions are obtained simultaneously. The utilization 
of this new laser for temperature sensor applications and 
also its applicability for remote sensing has been probed. 
Section 5.5 shows a new method for increasing simultaneously 
the sensitivity and interrogation stability of fiber-optic intensity 
sensors. The fiber laser sensor system is based on a double-cou-
pler ring resonator. On the one side, the attenuation sensitivity of 
the sensor is enhanced by placing it inside a ring resonator. On 
the other side, the stability of the interrogation method is wide-
ly improved by creating an external lasing ring resonator with 
matched spectral response. The combination of the wavelength 
selective response of the ring resonator and optical amplification 
is used to create different fiber lasers. This section also presents 
four practical cases for displacement measurements through 
a bending sensor, where three of them are based on an EDFRL 
configuration and the other one in a random laser configuration. 
Finally section 5.6 summarizes the chapter’s main conclusions.
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5.1. REMOTE 250KM FBG SENSOR
As it has been seen in section 2.4.2, remote sensing is particularly appealing for 
applications such structural health monitoring [1, 2], tsunami detection [3, 4] and 
geodynamical monitoring [5]. Also, in Table 2.4 it has been presented the state of the 
art of remote sensing systems. The longest network length up to 2011 was of 230 
Km, as it was demonstrated in [6]. The aim of this section is the development of the 
longest remote sensing system, with all the active elements allocated at the monitor-
ing station.
Description of the remote sensing system
The basic design of the 200 and 250 km ultra-long fiber Bragg grating sensor sys-
tems is schematically depicted in Figure 5.1. 
As it is shown in Figure 5.1 the system was divided into three essential sections. The 
sensors unit was composed of four multiplexed FBG sensors and a circulator which 
redirected the reflected signals towards the output port. The FBGs were disposed in a 
serial configuration and located within the Raman-amplified wavelength band. Their 
central wavelengths were λ1 = 1,555.24 nm, λ2 = 1,549.82 nm, λ3 = 1,546.88 nm 
and λ4 = 1,552.40 nm, each one showing a bandwidth of 0.19 nm, 0.16 nm, 0.19 
nm and 0.24 nm and a reflectivity of 98.9%, 98.3%, 99% and 99.8% respectively. 
Initially, this serial configuration might seem an obstacle to achieve power equaliza-
tion for the channels, however, in this scheme it was not a problem, because the 
system was not based on a long distance laser structure. In those systems [7], the 
mode competition has a crucial influence when all the channels must lase at the 
same time. In our proposed system, the channels equalization depended on both the 
non-uniform shape of the Raman profile and the insertion loss of the FBGs located in 
front of the sensor interrogated in each moment. 
FIGURE 5.1. Schematic depiction of the ultra-long fiber Bragg grating sensor sys-
tem.
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As far as the monitoring station is concerned, it included a wavelength division mul-
tiplexer which combined the signal which came from the tunable laser and the Ra-
man pump. The fiber Raman laser emitting at 1445 nm was deployed to generate 
distributed Raman amplification in the system. On the other hand, and also in the 
monitoring head, two different tunable lasers were utilized depending on the length 
of the sensor system. When the network reached 200 km, a tunable laser (ANDO 
AQ8201-13) with a bandwidth of 100 MHz was used to sweep the whole span com-
prised of the FBGs. However, when the FBGs were located at a distance of 250 km 
from the monitoring station some nonlinear effects appeared. Namely, stimulated 
Brillouin scattering arose with the adverse effect that this entailed. A detailed analy-
sis of this issue is presented in the next section. Consequently, a tunable laser with 
a wider bandwidth was deployed to cope with these impairments. The tunable laser 
was based on a previously studied and published scheme [8]. The basic design of 
the laser, which included a tunable FBG in order to acquire the tuning capability, is 
depicted in Figure 5.2 The tunable FBG had a bandwidth of 0.6 nm and offered an 
extinction ratio of 65 dB. It was able to sweep the whole span comprised of the FBGs. 
On the other hand, the monitoring station also included the detection system, which 
for this experiment was a commercial OSA (Advantest Q8384). Finally, the transmis-
sion channel consisted of two identical-length optical paths. The first one intended 
to launch the amplified laser signal by means of discrete Raman amplification and 
the other one was employed to guide the reflection signal to the reception system, 
avoiding the Rayleigh backscattering. 
The operation mode of the remote sensing system was the simplest one. To inter-
rogate the remote fiber Bragg gratings sensors, the tunable laser made a wavelength 
sweep of the whole band where the FBGs were located, avoiding the utilization of 
modulated signals, as in [6]. We also demonstrated the benefits of avoiding the uti-
lization of high coherence length lasers, as employed in other remote systems with 
Rayleigh scattering limitations [9, 10].
FIGURE 5.2. Basic design of the tunable laser.
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Remote sensing (200 km) FBG interrogation system 
For the first system, we examined the interrogation of the sensor unit, composed 
by four FBGs located 200 km away from the monitoring station. Figure 5.3 shows 
the reflected signal when optical powers of 0.72 W from the Raman pump laser and 
10.68 dBm from the tunable laser were launched into the system. This figure collects 
(superposes) the individual measurements carried out when the laser wavelength 
was tuned into each FBG reflection peak wavelength. From Figure 5.3 we can draw 
some conclusions as follows: firstly, the OSNR from the remotely multiplexed four 
FBGs varied from 20 dBm, in the worst case, to 22 dBm in the best one.
As discussed before, the OSNRs are determined by the non-uniform shape of the 
Raman gain profile. Figure 5.4 shows this spectrum when the transmission channel 
was 200 km long. It reveals that even if the Raman gain profile was not completely 
uniform, the wavelength bandwidth where the FBGs were located had 1 dB of maxi-
mum deviation. As a result, the OSNR maximum variation was 2 dB between the 
best and the worst case. Secondly, the remote system was a low noise configuration 
because it coped with the two principal dominating sources of noise of a fiber Raman 
amplifier. The ASE generated by spontaneous Raman scattering was addressed by 
the FBGs, since they only reflect the Bragg wavelength. Furthermore, the multipath 
interference (MPI) noise mainly produced by Rayleigh backscattering did not play a 
crucial role because the reflected signal travelled through a different optical path 
than the launched by the tunable laser and the distributed Raman amplification. 
FIGURE 5.3. Spectrum of the reflected signal from the four remotely multiplexed 
FBGs for Ppum-Raman=0.72 W, Ptunable-laser=10.68 dBm and OSAresolution= 0.1 nm.
CHAPTER V. OPTICAL FIBER SENSORS SYSTEMS166
The proposed remote sensing system was a low noise configuration wherein the 
background noise was hidden by the noise imposed by the OSA. This great signal 
to noise ratio encouraged to increase the number of sensors to be multiplexed or 
to try to reach further distances. The ability to multiplex several sensors is not only 
relevant from a conceptual point of view, but it is also important for practical reasons 
considering that it allows, in general, a reduction in the cabling and cost of the sens-
ing system [11]. 
Remote sensing (250 km) FBG interrogation system 
The first attempt to reach 250 km used the same system. It was obvious that a higher 
amount of Raman pump power was necessary since the amount of loss to compen-
sate with the distributed Raman amplification was also higher than in the previous 
system. To this end, the Raman pump power was increased, but unsurprisingly Bril-
louin scattering arose, which hampered the signal amplification, as in many fiber 
communication systems [12]. Figure 5.5 shows the spectrum of the tunable laser 
after 250 km length of SMF; it illustrates the progression of the Stokes lines: the 
higher the pump power was, the greater the spectrum broadening and the Stokes 
lines power were. 
FIGURE 5.4. Amplified spontaneous emission at 200 km for a Ppum-Raman=0.85 W.
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For conventional fibers, the threshold pump power for this process is few mW, how-
ever, the impairments start when the amplitude of the scattered wave is comparable 
to the signal power. The biggest problem appears in this kind of situations when 
the backscattered light experiences gain from the forward-propagating signal which 
leads to depletion of the signal power. In consequence, there was a practical limita-
tion of the maximum possible gain, as shown in Figure 5.6. 
For lasers with linewidths ∆λ much larger than 20 MHz, SBS gain is inversely propor-
tional to ∆λ [13]. Thus, for this 250 km length span, we developed a tunable laser, as 
it is shown in Figure 5.2, with a wider bandwidth to reduce the problems caused by 
SBS. Our selected tunable laser bandwidth was 0.6 nm, and it launched 11 dBm with 
and extinction ratio of 65 dB. Figure 5.7 shows the spectrum of the reflected signal 
from the four FBG located 250 km away from the monitoring station. The optical sig-
FIGURE 5.5. Spectrum of the tunable laser after 250 km length transmission for a 
Ptunable-laser=10.68 dBm and OSAresolution= 0.01 nm.
FIGURE 5.6. Evolution of laser power vs. Raman pump laser.
CHAPTER V. OPTICAL FIBER SENSORS SYSTEMS168
nal to noise ratio was 6 dB in the worst case and 8 dB in the best one. To the best of 
our knowledge, this ultra-long range FBG sensor system is the longest reported sys-
tem to interrogate a FBG. It is also worth noticing that the system is able to multiplex 
FBG sensors. 
In order to assess the sensing capability of our system, the FBG centered at 1555 nm 
was located in a climatic chamber and heated up. Figure 5.8 illustrated the FBG linear 
behavior versus the temperature which resulted in a sensitivity of 9.4 pm/°C.
As mentioned previously, the proposed system was restricted by the noise level im-
posed by the detection scheme. In our set-up, in order to reduce this level we had 
used the OSA option sweep high sensitivity. This measurement option reduced the 
FIGURE 5.7. Spectrum of the reflected signal from the remotely multiplexed four 
FBG. Ppum-Raman=1.3W, Ptunable-laser=11dBm and OSAresolution= 0.1nm.
FIGURE 5.8. Wavelength shift of the heated up FBG.
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noise level averaging, thus the background noise decreased and the OSNR increased 
meaningfully. Thus, the measured OSNRs improved from 20 to 18 dB for the best and 
worst case, as Figure 5.9 shows. 
5.2 SWITCHABLE ERBIUM DOPED FIBER RING LASER SYSTEM FOR TEMPERATURE 
SENSORS MULTIPLEXING
In this section a switchable optical fiber laser system for multiplexing temperature 
sensors is presented. The sensor system is based on the electrical detection of the 
beat of two EDFRL emission lines in single longitudinal mode operation. The SLM be-
havior is achieved by using PSFBGs with ultra-narrow BW, as in the EDFRL presented 
in section 3.1.2. As it has been mentioned earlier, EDFAs present a homogeneous 
broadening. This fact could be a problem in a sensor system based on the beating of 
two close SLM emission lines. Therefore, in order to reduce the output power com-
petition and to improve the stability, independent rings for each EDFRL have been 
employed for the reference and the sensor. Also, the independent EDFRL configura-
tion allows extending the temperature measurement range by using a temperature 
control reference. 
Description of the laser sensor system
Figure 5.10 shows the experimental setup of the proposed temperature-sensor 
system, which was based on the electrical domain detection of the mixing of two 
FIGURE 5.9. Spectrum of the reflected signal from the four FBG using the OSA 
sweep option of high sensitivity. Ppum-Raman=1.3 W, Ptunable-laser=11 dBm and 
OSAresolution= 0.1 nm.
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single-longitudinal mode erbium-doped fiber-ring laser emission lines. The wave-
length selection of both emission lines obtained from our EDFRL (reference line and 
sensors lasing signal), was carried out using a combination of FBGs and PSFBGs. The 
FBG was located in-reflection using a circulator and its purpose was the coarse wave-
length selection. The FBGs were centered at 1550 nm, measured at room tempera-
ture (24°C), having a reflectivity close to 90% and a corresponding FWHM of 0.12 
nm. The PSFBG acted as a narrow transmission filter with a FWHM less than 6 pm.
Based on [14], any phase shift can be obtained by changing the sampling period of 
a Sampled Fiber Bragg Grating (SFBG) [15].For this application the PSFBGs were writ-
ten into a standard telecommunication optical fiber using the phase mask technique 
illuminated with a continuous laser emitting at 244 nm. The sampling effect was gen-
erated by opening and closing the laser shutter at preset locations. The total length 
of the PSFBGs was L≈24 mm with a sampling period of P=1.5 mm. An increment in 
the sampling period P with a scale factor of F=1.5 located in the center of the grat-
ing creates an equivalent pi-phase shift in the first order of the SFBG. The obtained 
spectrum of the phase-shifted SFBG is detailed in the Figure 5.11.
The utilized gain medium into the laser consisted of two EDFs of 7 m, one for the ref-
erence EDFRL and the other for the lasing sensor arm. These EDFs were pumped with 
the same laser at 1480 nm trough the 50:50 optical coupler, with a pump power of 
FIGURE 5.10.  Experimental setup of the proposed switchable EDFRL system for 
temperature sensors multiplexing, where λi and λi’ are the FBGs and the PSFBGs, 
respectively.
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200 mw. The selection of each sensor was made by an optical switch (HP 86061C) 
with a maximum switching time of 370 ms. The four outputs of the switch were con-
nected to the sensing elements that consisted of couples of FBG and PSFBG. A 4x2 
coupler collected the signal from the operational branch of the switch. The isolator 
ensured the unidirectional operation of each EDFRL and therefore, avoiding the spa-
tial hole-burning effect.
The signals from the selected sensor and the reference were mixed by a 50:50 cou-
pler and their outputs were converted to the electrical domain by the photodetec-
tor (HP 11982A) that showed a BW of 20 GHz. An electrical spectrum analyzer with 
1 KHz of resolution (HP 8592L) was used to retrieve the output signal.
For the sensor characterization, a Peltier unit having a thermo electrical cooler (TEC) 
was used. Figure 5.12 shows the disposition of the FBG and PSFBG on the Peltier. 
Each couple of FBG and PSFBG experienced the same temperature change and there-
fore the same variation at their wavelengths. A conducting paste was used to ensure 
the uniform distribution of the temperature.
FIGURE 5.11.  Simulated and measured reflection spectra for the phase shift of the 
SFBG first order.
FIGURE 5.12.  Schematic representation of the experimental setup for the sensors 
temperature test.
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Experimental results
Figure 5.13 (a) shows the optical spectrum at 24°C measured at a high-resolution 
Brillouin optical spectrum analyzer (BOSA-C Aragon Photonics) with a resolution of 
0.08 pm. The wavelengths correspond to the reference EDFRL and the EDFRL of sen-
sor 1. Both lasing signals operated in single longitudinal mode regime. Figure 5.13 
(b) displays the electrical spectra of the beaten of these signals demonstrating the 
SLM behavior of both EDFRL. The peak at 11.9 GHz corresponds to the spacing be-
tween both lasers.
 
In order to determine the response of the sensor with temperature variations and 
its instability, a series of measurements for sensor 1, ranging from 19°C to 30°C 
with steps of 1 °C were carried out. The reference arm operated at room temperature 
(24 °C). Each measurement step consisted of a period of 10 minutes with captures 
every minute (Figure 5.14 (a)). The frequency instability was lower than 200 MHz, 
value that as can be seen below did not affect significantly the linearity of the sensor. 
The global instability was due to the TEC instability in combination with the thermal 
insulation tolerance of the characterization setup that can easily cause fluctuations 
of 0.1°C. Figure 5.14 (b) shows the beat frequency dependence with the tempera-
ture, measured by using a time averaging technique. High sensitivity of 1.55 GHz/°C 
with a coefficient of determination of R2=0.9993 was obtained, being these values 
better than the obtained in [16], that were 1.30 GHz/°C with a linearity of 0.9662 or 
in [17] 1.47 GHz/°C  with  R2=0.9935.
FIGURE 5.13.  (a) Optical output spectrum at 24°C measured at BOSA and (b) electri-
cal output spectrum at 24°C measured at ESA.
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Considering that all the FBGs and PSFBGs were written in the same fiber and 
with the same process, all of them have the same behavior with the temperature 
(1.55 GHz/°C) resulting in an absolute equation for the measured temperature:
By controlling the reference temperature (Tref) with a Peltier system, we can displace 
the temperature operation point of the system maintaining the BW of the detector. 
Figure 5.15 shows the theoretical range of an application where different reference 
temperatures were employed to improve the dynamic range. This is an important ad-
vantage in comparison with other sensors systems [16, 17] wherein the temperature 
range is limited by the BW of the detector.
FIGURE 5.14. (a) Beat frequency dependence with time at different temperatures. 
(b) Average beat frequency shift dependence with temperature.
 (5.1)  
FIGURE 5.15.  Theoretical beat frequency shift dependence with temperature for 
different reference temperatures.
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The transient switching response of the sensors was also studied. This switching time 
is defined as the time delay between the moment in which one sensor is turned off 
and the other has a stabilized output. For the measurement we employed a photo-de-
tector (Thorlabs PDA400) and an oscilloscope (Agilent 54622A). Figure 5.16 shows 
the switching measured time from B1 to B4 output (solid line) and from B4 to B1 
output (dotted line). For both the switching time were less than 250 ms.
5.3 SWITCHABLE FIBER OPTIC LASER SYSTEM FOR HIGH AND LOW-STRAIN FI-
BER OPTIC SENSORS REMOTE MULTIPLEXING
As it has been mentioned before, remote sensing has received a high attention dur-
ing last years as a useful tool for monitoring the optical sensors from a central station 
located tens kilometers away from the field, especially in structural health monitor-
ing [18, 19]. One of the main parameters to be measured in these remote sensing 
systems is strain. Depending on the application, low and medium strain measure-
ments are not enough and high strain measurements are needed [20]. The aim of the 
system presented below, is to convert an EDFRL in a sensor system that allows a 50 
km remote monitoring, and also the integration of different kind of sensors into the 
network.
Description of the laser sensor system
The proposed remote sensing system was based on an EDFRL with different rings 
selected by a switch. The gain medium was an EDFA (Photonetics FIBERAMP-BT 17). 
FIGURE 5.16.  Switching time from B1 to B4 output (solid line) and from B4 to B1 
output (dotted line).
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This configuration allowed the integration of different interrogation methods based 
on the detection of wavelength or amplitude variations of the laser. As mentioned 
above, in this work is presented the multiplexing of a bending intensity sensor and a 
wavelength strain sensor for high and low-strain measurements respectively. Figure 
5.17 shows the experimental setup of the remote sensing system.
The high-strain EDFRL sensor corresponded to the B1 switch output port. This sensor 
was based on intensity variations of the laser induced by applying strain to a bend-
ing sensor. The wavelength selection was made by an FBG in reflection located at the 
monitoring station. The FBG was centered at λ1=1531.66 nm with a corresponding 
FWHM of 0.120 nm and a reflectivity above 90%. The sensing unit was allocated at 
50 Km from the monitoring station and the transmission channel was a cable that 
includes 4 SMFs. In real applications, the cost of the system does not increase signifi-
cantly if several SMFs are used inside the fiber optic cable instead of using only one. 
The sensing head was made by 20 turns of a SMF around a coil of 38 mm of diameter. 
The coil was covered by a rubber tube in order to ensure a uniform response under 
deformation. The sensor was placed between two anchors, one of them fixed and the 
other one movable, by using a micrometric step-motor (Figure 5.18). 
FIGURE 5.17. Experimental setup configuration for the EDFRL remote sensing sys-
tem.
FIGURE 5.18. Schematic of the high-strain bending intensity sensor.
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The low-strain EDFRL sensor was interrogated using the B2 switch output port. This 
sensor was made with an in-reflection FBG located at the sensing unit at 50 Km from 
the monitoring station. When selected, this FBG generates the central lasing wave-
length of the EDFRL. The FBG was centered at λ2=1530.61 nm with a corresponding 
FWHM of 0.125 nm and a reflectivity above 90%. This sensor was based on wave-
length variations of the laser induced by applying strain to the FBG.
A 2x4 switch with a maximum switching time of 370 ms (HP 86061C) and a 4x2 
coupler were used to select and recombine the different EDFRL sensor signals respec-
tively. The half of the signal was extracted by the coupler to the output and the other 
half was redirected to the EDFA. The output was connected to an OSA (HP-70952B) 
with a resolution of 0.1 nm.
Experimental results
Firstly, the high-strain sensor was analyzed by selecting the B1 switch output port. 
In this case an EDFRL at λ1 was generated. The amplitude of this lasing wavelength 
depended on the bending sensor attenuation caused by the strain applied. In order 
to determinate their response with strain variations, a series of measurements from 0 
to 182 mili-strain with steps of 0.13 mili-strain was carried out. Figure 5.19 (a) shows 
the measured spectra at OSA for the initial position and for the higher strain of 182 
mili-strain. The minimum OSNR corresponded to this last position with a value of 46 
dB. This obtained OSNR was better than the results from other previously published 
remote sensors systems [21, 22].
FIGURE 5.19. (a) Output spectra of the high-strain sensor for different strain values 
and, (b) output power evolution with the strain.
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Figure 5.19 (b) presents the dependence of the output power with stain. That de-
pendence was adjusted by a four degree polynomial curve. The curve slope was de-
termined by the number of sensor turns. We used 20 turns in order to reduce the 
cladding-modes coupling by curvature effects and to increase the resolution [23].
The next step was to carry out the characterization of the low-strain sensor by se-
lecting the B2 switch output port. In this case, the change of the EDFRL wavelength, 
produced by the strain applied to the FBG, was the parameter to be measured. Figure 
5.20 (a) shows the spectrum of four different strain values with an OSNR of 55 dB for 
all of them that, again better than the obtained in other published sensors systems.
In order to characterize the sensor with strain, a series of measurements within a 
range of 3750 me and steps of 5 me were performed. Figure 5.20 (b) presents a high 
linear FBG response against strain with a sensitivity of 0.97 pm/me.
Finally the transient switching response of the sensors was also studied. For the mea-
surements we employed a photo-detector (Thorlabs PDA400) and an oscilloscope 
(Agilent 54622A). Figure 5.21 shows the switching time measured time for B1 to B2 
output (solid line) and for B2 to B1 output (dotted line). For both the switching time 
were less than 250 ms.
FIGURE 5.20. (a) Output spectra of the low-strain sensor for different strain values 
and, (b) output wavelength evolution with the strain (b).
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5.4 MULTI-WAVELENGTH FIBER LASER IN SINGLE-LONGITUDINAL MODE OPER-
ATION BASED ON DWDMS FOR SENSING APPLICATIONS
In section 3.1.3 an EDFRL based on the combination of MUX/DMUX with a Sagnac 
interferometer has been demonstrated. The idea presented in this section is to 
transform that EDFRL into a laser sensor system. This process is now carried out by 
changing the Sagnac interferometer by an array of FBGs, which actuate as wavelength 
selection element. To achieve it, a  MUX/DMUX is used. The FBGs act as sensor ele-
ments.
Description of the laser sensor system
The experimental setup of the proposed MEDFRL sensor system is shown in Figure 
5.22. This set-up consisted of a ring, in which 5 meters of fiber highly doped with 
erbium (Er-30 by Liekki, with an absorption of 10.8 dB/m at λ=978 nm) was used 
as gain medium. A 95% optical coupler was used to complete the ring laser. This 
coupler was used for inserting a 980 nm pump source inside the ring and also for 
enabling the extraction of 5% of the laser output power from the ring and redirecting 
it to the OSA (Advantest Q8384). 
Inside this fiber ring laser there was also a 200GHz dense WDM multiplexer and de-
multiplexer with 4 channels, which was used to filter the out-of-band ASE noise gen-
erated by the EDFA. This filtering also improved the amplification efficiency and gave 
a flat spectral response. The ITU channels selected by this DWDM were C31, C35, C41 
FIGURE 5.21. Switching time from B1 to B2 output (solid line) and from B2 to B1 
output (dotted line).
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and C47 corresponding to the wavelength values of 1552.52, 1549.32, 1544.53 
and 1539.77 nm, respectively. Four fiber Bragg gratings, centered at these channels, 
were used in this topology. Specifically, these FBGs had the Bragg wavelengths of 
1552.33 nm, 1549.6 nm, 1544.38 nm and 1539.9 nm with a corresponding FWHM 
of 0.24 nm, 0.21 nm, 0.28 nm and 0.2 nm, respectively. One of the major problems 
in MEDFRL is their channels equalization. Because of this, an optical variable attenu-
ator was placed at each wavelength output of the DMUX.
One of the advantages of this MUX/DMUX structure, in comparison with typical inline 
filtering, is the ease of the individual control of the loss of each channel by including 
these variable attenuators between the MUX and the DMUX. Because of that, and 
due to the low loss of this kind of devices, we could easily increase the number of 
wavelengths of the laser by replacing the MUX/DMUX configuration for another with 
more channels. 
It is worth to notice that this topology allowed an individual equalization of the re-
flected FBGs signals despite of being connected in a serial configuration. In this to-
pology, after being multiplexed, the FBGs reflected signals were inserted into the ring 
by using an optical circulator obtaining a serial topology. This configuration ensured 
the unidirectional operation inside the ring and therefore, the SHB effect was avoid-
ed. In addition to this, all the free terminations were immersed in refractive-index-
matching gel to avoid undesired reflections.
Experimental results
The output spectrum of the MEDFRL measured at the OSA for a 108.2 mW pump 
power is shown in Figure 5.23 (a). As shown in this figure, four lasing channels were 
FIGURE 5.22. Proposed single-longitudinal-mode four-wavelength fiber laser for 
sensors applications.
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obtained. The power of each of the four output channels was around -10 dBm with 
an OSNR higher than 55 dB. Several previous studies show that these values were 
reasonably good for most sensor applications [24].
As it was seen in section 2.3.3.2, in ring fiber laser configurations multiple longitu-
dinal modes are supported by the cavity. However, as reported previously [25], under 
some specific conditions, such as in the case of similar pumping levels, SLM opera-
tion of the laser can be achieved. The single-longitudinal mode lasing was verified in 
two different ways. The first one was carried out by using a BOSA, with a resolution of 
0.08 pm. Its spectral resolution had a lower value than the mode spacing between 
the longitudinal modes of the ring, given by:
where n is the refractive index of the fiber, L is the ring length and λ is the central 
mode wavelength. Taking into account that: n=1.476, and L=12.5 m for the worst 
case, that was the FBG located at the end of the serial topology, the mode spacing be-
tween the longitudinal modes was about 0.13 pm. As a consequence, we can verify 
the SLM operation condition by using this BOSA. Figure 5.23 (b) illustrates this SLM 
lasing behavior.
 
The second verification was done by heterodyne detection of the output signal. In 
this method each laser line was combined with the output of a tunable laser source 
with a linewidth of 100 kHz. In this way, the beating signal was observed after a photo-
(5.2)
FIGURE 5.23.  Output spectrum response of the MEDFRL (a)measured at OSA  and 
(b) measured at BOSA.
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detector by means of an ESA, whose resolution bandwidth can be as good as 1 Hz. 
Figure 5.24 shows the output optical spectrum measured by the ESA for the channel 
47 with a SLM operation. Similar results were obtained for the other three channels. 
To determine the emission lines band width, a series of measurements using the 
self-heterodyne method presented in section 2.3.4, was carried out. Figure 5.25 
shows the spectrum at ESA with a resolution of 1 kHz for channel 35.  This spectrum 
presented a Gaussian shape. Because of this, the spectrum was square root times 
the laser bandwidth. Therefore, the BW at channel 35 was 5.83 kHz. The rest of the 
measured values were, 5.58 kHz, 5.33 kHz and 8.13 kHz, corresponding with the 
channels 47, 41 and 31, respectively. 
FIGURE 5.24. Output optical spectrum measured by the ESA for the channel 47.
FIGURE 5.25. Spectrum of emission line measured at ESA with the self-heterodyne 
detection method for channel 35.
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The utilization of this new laser for sensor multiplexing was carried out using the 
FBGs as temperature sensors. The temperature response of the sensors was tested by 
heating them on a climatic chamber one by one in the range of 23.5ºC to 80ºC. Figure 
5.26 illustrates the center wavelength shift for the laser emission located at 1544.5 
nm. This laser presented a clear linear behavior, and a temperature sensitivity of 
about 9 pm/ºC was measured. Similar results were obtained for the other three tem-
perature sensors. Taking into consideration this temperature sensitivity and the flat 
spectral response of the 200 GHz DWDM used in this work, a temperature range of 
about 150ºC can be measured. Depending on the center wavelength emission of the 
FBGs used for this configuration, different temperature values could be measured.
In order to investigate the applicability of this proposed system for remote sensing 
applications, a SMF fiber reel was located between the circulator and the FBGs to 
simulate a network with 4 sensors located at 10 km. As can be observed in Figure 
5.27 the power obtained from each of the output channels in this case was around 
-15 dBm and these four lasing wavelengths showed an OSNRs about 47 dB. 
FIGURE 5.26. Wavelength shift as a function of temperature change.
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5.5 COMPOUND LASING FIBER OPTIC RING RESONATORS FOR SENSOR SENSI-
TIVITY ENHANCEMENT
Throughout this chapter, different laser sensor systems for sensors multiplexing and 
remote monitoring have been presented. This section is focus on designing a laser 
sensor system based on fiber optical ring resonators (FORRs), in order to increase 
simultaneously the sensitivity and interrogation stability of a fiber optic intensity sen-
sor. 
5.5.1. DOUBLE COUPLER FORR CHARACTERIZATION
Firstly, in this section we performed a theoretical and experimental study of the ring 
resonator in which the sensor was based.
FIGURE 5.27. Output spectrum response of the MEDFRL with the sensors located at 
10 km of distance, measured at OSA.
FIGURE 5.28.  Compound fiber-based ring resonator.
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The FORR structure used in this system used two couplers forming a compound reso-
nator. The upper coupler provided a sensitive response to the losses in the ring. The 
lower coupler showed a complementary response to the upper one as shown below.
Considering the structure depicted in Figure 5.28, Eo1 and Eo2, are the transmitted and 
reflected signals of the FORR, respectively, and will be given by;
 
Where, Ei is the input signal, Ki and ai, are the coupling ratios and the attenuations in 
the resonator, respectively, and L the total length of the ring.
As it is visible, the response of the ring is periodic in frequency, with resonant peaks 
spaced by a quantity c/nL. These resonances manifest as spectral dips in the power 
transmission response of Eo1. Under resonant conditions, the recirculation of power 
in the cavity is maximized, and the photon lifetime in the cavity grows significantly. In 
these resonant conditions, the sensitivity to small absorption/attenuation changes 
in the ring can be maximized, a fact that has been often used in spectroscopic mea-
surements, as in cavity ring-down spectroscopy systems. However, it has been not 
often been used to enhance the sensitivity of conventional fiber-optic intensity sen-
sors. The main reason is that it requires the interrogation of the spectral dip in the 
center of the resonance, which, as it will be seen later, requires precise and stable 
wavelength scanning lasers.  We can now turn our attention to how much can the 
sensitivity be improved in this kind of setup in comparison with the direct readout 
of the intensity sensor. To evaluate this, we need to obtain the power transmission 
coefficient of the ring in the center of the dip, which can be written as:
The sensitivity to absorption or losses in the resonator can be evaluated by comput-
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As it can be seen, higher values of k result in higher values of sensitivity. The sensitiv-
ity of the system is higher as we approach higher Q factors (as k
i
 and ai approach 1). 
However this also leads to more challenging interrogation systems as the operation 
of the cavity becomes more and more narrowband. Hence a proper trade-off has to 
be found in these values. An initial study of the spectral response of the structure 
was carried out using 90% couplers (k1= k2 = 0.9). The remaining values of the ex-
perimental setup were L= 2.14 m and, a1= a2= 0.05 dB due to the splices between 
the couplers. To optimize the system response, a polarization control was included. 
For the resonator characterization, a tunable laser source (Santec TLS-210) and a 
photo-detector (New Focus 1811) in combination with an oscilloscope (Agilent 
54622A) were used as input and output, respectively. Figure 5.29 shows the com-
parison of the experimental and theoretical simulation results.
As might be expected, the resonator spectra showed resonances with a periodicity 
given by c/nL. In this case, the peaks separation was about 95 MHz, which was in 
good agreement with the expected value for L = 2.14 m.
5.5.2. INTERROGATION METHOD
Once the ring resonator response was characterized, the next step was to determine 
an interrogation method to measure the loss introduced by a sensor element (S) in-
side the ring. 
The first configuration selected to carry out the characterization of the sensing ring 
consisted of the use of a tunable laser source (TLS Agilent 81600B) as light source. 
FIGURE 5.29.  Experimental and simulated normalized spectra of the resonator for 
Eo1 (a), and Eo2 (b).
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The laser was operated at 1550 nm, with a linewidth of 100 KHz and an instability of 
±1 pm along 24 hours. As it is shown in Figure 5.30, a power meter (Ando Aq2140) 
was used for the detection.
In order to characterize the reliability of this configuration, a power instability mea-
surement was carried out without attenuation (S=0dB). The measurement was done 
along 30 minutes, taking a sample each 10 seconds. Figure 5.31 shows the high 
instability behavior that made this interrogation method unsuitable for the vast ma-
jority of intensity sensor applications. The problem of this configuration was due to 
the transfer function instability of the ring in combination with the TLS wavelength 
instability. The separation of peaks in the transfer function was very narrow, so small 
TLS wavelength variations cause a substantial change of the detected output power.
FIG. 5.30  Experimental setup of the TLS interrogation method.
FIGURE 5.31. Output power fluctuations of the TLS interrogation method.
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The proposed solution was the use of the E02 output of the ring as a seed, for generat-
ing a fiber ring laser. This way the structure itself behaved as the interrogator of the 
sensor. Any ambient variation leading to changes in the transmitted signal is imme-
diately manifested in the reflected response. Hence, the “self-interrogation” of the 
structure seemed a very convenient way to improve the stability of the measurement 
method. The actual configuration used is shown in Figure 5.32. The gain medium 
was an EDFA (EFA-P21 from MPB Technologies). For the laser wavelength selection, a 
filter at 1533.9 nm with a BW of 0.1 nm was used. Note that the lasing cavity in Figure 
5.32 was much longer than the FORR cavity, so effectively the spectral response of 
the obtained laser turns out to be approximately that of E02. 
As in the previous setup, an instability characterization was carried out with the sen-
sor tuned at 0 dB attenuation, obtaining, as shown in Figure 5.33, an instability lower 
than 0.1 dB.
FIGURE 5.32  Experimental setup of the EDFRL interrogation method.
FIGURE 5.33.  Output power fluctuations of the EDFRL interrogation method.
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Taking into account the results obtained, the selected method for the sensor inter-
rogation was this erbium doped fiber laser.
5.5.3 EDFRL SYSTEM CHARACTERIZATION
Once the interrogation method was chosen, the next step was the characterization of 
the system through the use of a variable attenuator, simulating an intensity sensor 
element. For this purpose a voltage controlled VA was used in order to increase the 
precision and the resolution of the characterization.
Figure 5.34 shows the proposed schematic in which there are two positions, A and B, 
where the sensor can be located.  Placing alternatively the sensor in these two posi-
tions we can compare the behavior of a sensor inside the ring (B) and outside it (A). 
Furthermore, by disconnecting the internal FORR (dash line in Figure 5.34) the sen-
sor can be compared with a simple ring configuration. The proposed system showed 
strong improvements in sensitivity compared to the open-loop response of the sen-
sor and also in comparison with the conventional lasing ring resonator (see Figure 
5.35). A series of measurements varying the applied voltage of the VA from 0 to 4 V 
with steps of 10 mV were carried out.  
As can be seen in Figure 5.35, when the VA was located inside the ring, the dynamic 
range of the system can be increased up to 15 dB. The attenuation operation range 
was defined from 0 dB (0 V) to 7.5 dB (3.25 V), where the loss of the cavity finally 
prevents the laser emission.
FIGURE 5.34.   Experimental setup of the EDFRL sensor system.
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Also a study of the output power instability following the VA attenuation inside the 
ring was performed. The system was tested for 11 different voltage values of the VA 
and each measurement was carried out along 30 minutes, using an acquisition time 
of 10 seconds.
The obtained results, Figure 5.36, showed an instability close to 0.1 dB for the whole 
VA range up to 2.1 V. From this value onwards, the instability increased up to a maxi-
mum of 0.6 dB, when a voltage of 3 V was applied to the attenuator. This was again 
justified by the close operation of the system to the laser threshold.
FIGURE 5.35.  Output power response against the voltage applied to VA located 
in position A (dash), position B (continuous) and position B without FORR (dash-
dotted).
FIGURE 5.36  Output power instability of the structure against the voltage applied 
to VA.
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As stated before, the sensitivity of the system is higher for higher k values (see eq. 
5.6). In order to confirm this, an experimental study for k1=0.5 and k1 =0.9 coupling 
ratios, (recirculating inside the ring the 50% and 90% of the optical power, respec-
tively), was carried out. Figure 5.37 shows that in both cases the achieved output 
power of the lasing system were similar, but with the higher coupling ratio (k1 =0.9) 
the sensitivity increased, as expected from the previous theoretical arguments.
5.5.4 EDFRL DISPLACEMENT SENSOR SYSTEM
In this section a practical case for displacement measurements based on a bend-
ing sensor was investigated. It is known that the sensors based on bending an opti-
cal fiber have a non-linear response due to the cladding-modes coupling effect [23]. 
Therefore, three different spectral configurations of our EDFRL sensor system were 
studied in order to determine the best option for this kind of sensors. 
The experimental setup for the EDFRL sensor system is shown in Figure 5.38. The 
difference of each configuration consisted on the different filters used; no filter for a 
wide-band interrogation, a filter with a BW=0.1 nm for achieving a multimode laser 
interrogation and the combination of this filter with a PSFBG to obtain a single-longi-
tudinal mode interrogation, corresponding with sections 5.5.4 A, 5.5.4 B and 5.5.4 
C respectively. 
The gain medium was again the previously utilized EDFA (EFA-P21) and the output 
power detection was made through a power meter (AQ2140).  
FIGURE 5.37. Output power response against the voltage applied to a VA for two 
different coupling ratios of the upper coupler.
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The characterization of each scheme was conducted through a precision mechanic 
attenuator based on stress-inducing plates, similar to the one used in [26]. All mea-
surements were carried out in the same way, ranging from 0 to 1000 mm with a step 
of 4.27 mm. Before each measurement, the polarization was optimized using the PC.
In the sub-sections below, we present the experimental results for each configuration, 
in each case analyzing the performance in terms of the next different parameters: 
maximum output power, measurement range, dynamic range increase, instability 
and cladding-modes coupling behavior. The dynamic range increment was in all cas-
es measured at 400 mm as this value corresponded to the sensor with the minimum 
displacement range. The instability was also measured at 400 mm along 30 minutes, 
taking a sample each 10 seconds.
A. Wideband Ring-Based  System 
In the first case, no additional filtering inside the ring laser was used, so the inter-
rogation method was based on a wideband laser. Figure 5.39 shows the measured 
results for the sensor at positions A and B.
FIGURE 5.38 Experimental setup of EDFRLs for the displacement sensor interroga-
tion system and, schematic of the displacement sensor based on bending.
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As seen above, when the sensor was located inside the ring, a dynamic range incre-
ment of 15 dB at 400 mm was achieved. This configuration allowed to measure up to 
1000 mm.
The cladding modes coupling effect generated a ripple on the sensor response. In 
order to quantify this effect the output power response was fitted up to 400 mm by a 
second-order polynomial. The ripple was quantified trough the coefficient of deter-
mination (R2), which is defined as the square of the sample correlation coefficient 
between the measured values and their predicted values [27]. For the wide band ring 
based system a R2 of 0.99711 and an instability of 0.21 dB were measured.
B. Multi-Longitudinal Mode Fiber Ring Laser-Based   System
In this case, a multimode EDFRL was created. Figure 5.40 shows the optical spectrum 
of the laser and the filter transmission (inset) measured with a high resolution (0.08 
pm) optical spectrum analyzer.
FIGURE 5.39  Output power response versus the displacement applied to the sen-
sor, when located in position A (dotted) and B (continuous).
FIGURE 5.40  Optical spectrum of the multi longitudinal mode EDFRL and the filter 
transmission (inset) measured with a BOSA.
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The characterization, Figure 5.41, shows the same sensitivity increment at 400 mm, 
as in the previous configuration. Also a low cladding-modes coupling effect was ap-
preciated. As in the previous case, a fit up to 400 mm was carried out showing a R2 
of 0.99775.
Because this configuration was operating as an EDFRL, there was an attenuation 
threshold from which the laser condition was not satisfied, reducing the sensor range 
to 530 mm. Also, the system presented an instability of 0.34 dB.
C. Single Longitudinal-Mode Fiber Ring Laser-Based System 
In order to achieve a single longitudinal mode operation EDFRL, a PSFBG was added 
to the configuration. Figure 5.42 shows the optical spectra of the SLM laser and the 
PSFBG transmission (inset) measured with BOSA.
FIGURE 5.41 Output power response depending on the sensor displacement in po-
sition A (dotted) and B (continuous).
FIGURE 5.42  Optical spectrum of the single longitudinal mode EDFRL and the filter 
transmission (inset) measured with a BOSA.
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Figure 5.43 shows that in this case there was a dynamic range increment of 18 dB 
at 400 mm in comparison with the 15 dB achieved in sections 5.5.4 A and 5.5.4 B. 
However, since all the power was concentrated in a single longitudinal mode, the 
cladding-modes coupling effect was enhanced, showing a R2 of 0.98326 (lower than 
the previous cases). The sensor range was reduced to 400 mm and the maximum 
output power was less than -3 dBm. In this case the instability was increased up to 
1.48 dB. The high wavelength sensitivity of the PSBG to temperature variations in 
combination with the filter provoked this increment of the instability.
5.5.5 RANDOM LASER DISPLACEMENT SENSOR SYSTEM
Finally, a configuration based on a random laser was investigated (Figuer 5.44). ED-
FRL lasers studied above combine in their transfer function the longitudinal modes 
coming from the ring resonator with the corresponding to the external ring used to 
connect the EDFA to the FORR. Random fiber lasers have some interesting properties, 
such as their high bandwidth and modeless behavior [28]. In order to check their 
suitability for FORR measurements, we developed a configuration that used a 2.4 
Km dispersion compensating fiber pumped with a Raman laser (RLD-3-1445 from 
IPG Laser) at 1445 nm with an output power of 1 W, as Raman gain medium. Due to 
the Rayleigh backscattering, the fiber acted not only as gain medium but also as a 
randomly distributed mirror. A 3-port circulator was utilized to connect the previous 
sensor structure with the random laser.
FIGURE 5.43 Output power response depending on the sensor displacement mea-
sured at position A (dotted) and at position B (continuous).
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The measurement process was the same as the one used in the previous sections. 
Figure 5.45 shows the characterization of the sensor located at position A and B of 
the schematic. In this case a sensitivity increment of 10 dB at 400 mm, a displace-
ment range close to 800 mm, an output power of 5 dBm and, an instability of 0.04 dB 
were reached. In the figure it is also shown that the cladding-modes coupling effect 
was reduced, with a R2 of 0.99646.
FIGURE 5.44.  Experimental setup of the micro-bending random fiber laser sensor 
system.
FIGURE 5.45 Output power response depending on the sensor displacement in po-
sitions A (dotted) and B (continuous).
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5.5.6 COMPARISON OF THE DEVELOPED DISPLACEMENT SENSOR SYSTEMS
To summarize the analysis carried out with the different configurations for the dis-
placement sensor system, a table with the studied parameters of each configuration 
is presented (Table 5.1).
For this kind of sensors, the cladding-modes coupling is a critical point since it could 
cause errors in the measurements. Because of that, the system based on the 0.1 
nm filter in combination with the PSFBG appears clearly as the worst option with the 
lower R2.
On the other hand the non-filtered and 0.1 nm filtered systems show comparable 
dynamic range increments and instabilities, and also the lowest dependence to the 
cladding-modes coupling so, for medium displacement ranges, these options can be 
considered the best configurations for our micro-bending sensor system. However, 
the use of the filter allows us to select and lock the wavelength emission of the laser, 
which is an important issue if several rings were to be multiplexed.
5.6 CONCLUSIONS
This chapter has provided a review of the work carried out related to optical fiber sen-
sor systems.
In the first part of the chapter, two ultra-long range FBG sensor interrogation systems 
have been experimentally demonstrated. Both systems are based on a wavelength 
sweep laser to interrogate the multiplexed FBGs. The systems are composed by two 
optical paths of identical lengths. The first one launches the amplified laser signal 
by means of Raman amplification. The other one is employed to guide the reflection 




Sensor Range (mm) 1000 530 410 780
Pmax (dBm) 9.5 3.7 -3.5 6
Dynamic Range Inc. @ 
400mm (dB) 15 15 18 10
R2 of the Fit up to 400 mm 0.99711 0.99775 0.98326 0.99646
Instability @ 400 mm (dB) 0.21 0.34 1.48 0.04
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signal up to the reception system avoiding the Rayleigh backscattering. In the first 
approach the four FBGs have been located 200 km away from the monitoring station, 
and a signal to noise ratio of 20 dB is reached. An optimized version of the system is 
able to detect the FBGs placed at 250 km, with an OSNR of 6–8dB (18–20 dB using 
averaging methods). Thus, it is the longest range FBG multiplexing sensor system, 
with all active elements in the header, reported to date. 
These results have been published in [29].
The second proposed system consists of a switchable EDFRL system for temperature 
sensors multiplexing. The system is based on the electrical domain detection of the 
beat of two laser lines operating in single-longitudinal mode regime. The SLM opera-
tion is achieved using PSFBGs with ultra-narrow bandwidths. Independent cavities 
for the generation of the reference signal and the sensor signal were used to avoid 
the wavelength competition and to improve the stability. The measurements show a 
high sensitivity of 1.55 GHz/°C and a high linearity. The inclusion of a temperature 
control in the reference signal allows the control of the temperature operating point 
of the system, maintaining a constant receptor band-width. 
These results have originated the publication in reference [30].
The third one presents a 50 Km switchable EDFRL system for remote multiplexing of 
sensors. This system allows the integration of different interrogation methods, based 
on wavelength or amplitude detection. This integration is sequentially carried out 
through an optical switch that also allows the use of close FBG wavelengths for all 
the sensors. Using this technique, no gain competition among different wavelengths 
occurs, as happens in multiwavelength lasers. Therefore, the utilized wavelength can 
be always the corresponding to the higher gain of the optical amplifier, in order to op-
timize the achieved distance of the system. A bending intensity sensor for high strain 
measurements and a FBG based low-strain sensor have been successfully tested. 
These results have originated the publication in reference [31].
Next, a novel multi-wavelength ring laser configuration for sensing applications by 
means of a DWDM and four FBGs has been proposed and experimentally demon-
strated. In this work, four single-longitudinal mode wavelength laser emissions are 
obtained simultaneously, showing an OSNR higher than 55 dB. Emission lines show-
ing bandwidths as good as 5.3 kHz have been measured by using a self-heterodyne 
method. Finally, the sensor system has been tested for temperature sensor applica-
tions showing a sensitivity of 9 pm/ºC, and also for remote sensing applications.
These results have originated the publications in references [32,33].
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Finally, a new fiber laser system for enhancing fiber-optic intensity sensor measure-
ments, based on a resonant ring cavity has been presented. The main advantage of 
this method is its ability to increase the dynamic range of an intensity sensor up to 
15 dB, while keeping good stability values. The solution is based on the use of a 
compound lasing fiber-optic ring resonator, in which the intensity sensor is inserted. 
Because the reflected function of the ring-resonator is used to generate the EDFRL, 
the lasing system is perfectly matched to work as a “self-interrogator” of the sen-
sor. The resulting system shows an enhanced sensitivity and high stability, showing 
an output power instability lower than 0.1 dB. The proposed interrogation system is 
particularly suited for any kind of transmissive intensity sensors and only requires 
two active elements, an EDFA as gain medium and an optical power meter acting as 
detector. In addition, the concept has been tested for the development of displace-
ment sensors based on fiber optic bending. A study of different topologies, 3 based 
on an EDFRL with different filters and another one based on a random fiber laser, 
were carried out. As a result of this study it was concluded that laser configurations 
without additional filtering or using a filter of 0.1 nm, showed the best results with 
a dynamic range increment higher than 15 dB, and a comparatively low cladding-
modes coupling effect.
These results have originated the publications in references [34,35].
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Optical fiber technology as well as its rapidly evolution, has 
attracted the scientific community attention to develop la-
sers, fiber optic transducers and sensor networks. In this re-
gard, the appearance in the last decades of commercial de-
vices such as optical amplifiers, semiconductor high power 
lasers and others, has contributed to the rise of this tech-
nology. In this framework, a contribution to the improve-
ment of the main parameters of fiber lasers and sensors 
has been presented in this PhD. work, taking into account 
their main merits and addressing their principal challenges.
With regard to the new contributions of this thesis, chap-
ter 3 has been devoted to the development of different 
configurations of fiber lasers. The aim of this chapter has 
been to contribute to the improvement of the fiber lasers´ 
main parameters such as OSNR and output power stabil-
ity. Single longitudinal mode operation with narrow emis-
sion lines bandwidths has been also pursued. The multi-
wavelength operation and the independent control of the 
loss of each emission line have been also taken into account.
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The first section of chapter 3 presents four new configurations of multiwave-
length erbium-doped fiber ring lasers. Different methods for the selection of the 
emission lines have been used such as FBGs, FBGs in combination with PSFBGs, 
Add-Drops and MUX-DMUX devices. The output power obtained for the EDFRL var-
ies in the range of -10 dBm to 0 dBm. On the other hand, OSNR higher than 65dB 
for three of the presented lasers and higher than 55dB for the last one, have been 
achieved. Also, single longitudinal mode operation has been experimentally 
demonstrated for three of the EDFRL proposed, achieving emission bandwidths 
of a few kilohertz. Finally, low instabilities close to 1 dB for the SLM EDFRLs, one 
of them lower than 0.4 dB, have been retrieved.
The second part of this chapter has been dedicated to the development of a sin-
gle-longitudinal mode linear cavity laser. The system uses a narrow filtering tech-
nique based on the spectral overlapping of two uniform FBGs in order to achieve 
the SLM regime. This laser presents features such as a short length of 58 mm, 
an OSNR of 55 dB and an instability lower than 1 dB with a linewidth of 5 KHz. 
Moreover, the system can be tuned by controlling its temperature or strain, main-
taining the SLM condition in whole the tuning range.
The last section of chapter 3 has been dedicated to random distributed feed-
back lasers. A configuration for sub-gigahertz line-width for the first time in a 
RDFB laser has been proposed and experimentally demonstrated. This configura-
tion is based on a narrow filtering technique achieved by using a combination 
of FBGs with PSFBGs. A study of the evolution of the linewidth depending on 
parameters such as the output coupling factor and the pump power has been 
carried out. Next, this configuration has been extended to develop a multiwave-
length laser with four narrow emission lines (linewidths between 5 to 9 pm) and 
instabilities lower than 0.07 dB. These instability results are substantially better 
than the achieved with the EDFLs based on ring and linear cavities. This is due 
to the absence of longitudinal modes in a random cavity, in combination with an 
inhomogeneous gain medium. Finally, to conclude this chapter, a comparative 
study between a random, a ring and a hybrid ring-random cavity has been per-
formed. From this study, it can be concluded that the combination of both kind 
of reflectors, ring and random, has a positive effect on the threshold power, but a 
negative impact on the output power and slope efficiency in comparison with the 
pure ring cavity. Because this study has been carried out only for one emission 
line, all schemes shows a low instability. However the worst case corresponds to 
the hybrid ring-random cavity. Finally, it has been demonstrated that the random 
fiber laser is able to adapt their cavity to any internal modulation frequency, in 
contrast with ring fiber laser or hybrid ring-random fiber lasers, whose repetition 
rate is constrained by the length of the cavity.
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Chapter 4 is fully dedicated to the development of transducers based on micro-
structured optical fibers for sensor systems. The main goal of this chapter has 
been to exploit MOF’s features in comparison with standard fibers. MOFs present 
a low Young modulus which provides high sensitivities to strain. Also, a suitable 
design of their refractive index profile allows the fabrication of high-birefringence 
(Hi-Bi) MOFs for polarimetric sensors. Finally, Hi-Bi MOFs fabricated with a single 
material, present low temperature dependence. Based on these characteristics, 
three different MOF sensor systems have been developed and experimentally 
demonstrated in this chapter.
In the first MOF sensor, a configuration for an interferometric fiber optic strain 
sensor has been developed. The sensing head has been achieved by using a 
Hi-Bi MOF placed in an in-reflection configuration. An experimental characteriza-
tion of this sensing head has been performed using an optical backscatter reflec-
tometer. The achieved measurements have agreed with the presented theoretical 
simulations. Moreover, a cost-effective setup for the same transducer by using 
a laser for the interrogation has been presented. The in-reflection sensing head 
shows a sensitivity of 7.96 dB/me to strain induced variations, and a negligible 
response to temperature because of its single material fabrication. 
The second developed sensor has been a strain fiber optic sensor based on mul-
timode interferences. The sensing head has been built by using a suspended 
core MOF arranged in a transmissive configuration. An experimental study about 
influence of the sensing head and stage separation lengths in the sensitivity of 
the system has been carried out. This study shows that the sensitivity increases 
with the separation of the stages, due to low Young modulus of the MOF. Sensi-
tivities up to -2.42 pm/me have been achieved. 
The last MOF transducer has been developed for simultaneous measurements 
of two physical parameters. The sensor is based on the combination of the char-
acteristics of two interferograms with distinct frequency fringe patterns. These 
patterns are generated by using a three holes suspended core MOF operated in 
transmission. Each interferometric pattern presents different response to strain, 
temperature and curvature. Through a low-pass frequency filtering of the detect-
ed spectrum, the wavelength displacements of each interferogram are measured. 
This process allows the discrimination of temperature and strain with resolutions 
of 0.45ºC and 4.02 me respectively , and bend angles and temperature with reso-
lutions of 1.69 deg and 0.92ºC, respectively.
Chapter 5 presents different optical fiber sensor systems which have been de-
signed to contribute to different topics such as remote monitoring, multiplexing, 
integration of different kind of transducers, instability and sensitivity enhance-
ment.
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The first sensor systems have been developed in order to demonstrate the fea-
sibility of remote multiplexing systems for distances higher than 200 km. Two 
remote 200 Km and 250 Km sensor systems have been experimentally demon-
strated. Both systems, designed to use a minimum number of optical compo-
nents at the monitoring station, are based on a wavelength sweep laser suitable 
to interrogate four multiplexed FBGs. Each system uses two optical paths of iden-
tical lengths. The first path launches an amplified laser signal by using Raman 
amplification and the other one is employed to guide back the reflected signal 
to the detector of the monitoring station, minimizing the effect of Rayleigh back-
scattering. With this configuration the system is able to detect four FBGs placed 
at 250 Km with an OSNR ranging from 6 to 8 dB. Thus, it is the longest range FBG 
sensor system, with all active elements in the header, reported to date that in-
cludes fiber sensor multiplexing capability.
Afterward, a fiber laser sensor system for temperature measurements is present-
ed. This system is based on the detection in the electrical domain of the resulting 
beat signal of two different SLM laser lines, which are generated by an EDFRL. 
The SLM operation is achieved by using PSFBGs with ultra-narrow bandwidths. 
Independent cavities for the generation of the reference signal and the sensor 
signal were used in order to avoid the wavelength competition and to improve 
the stability. The measurements show a high sensitivity of 1.55 GHz/°C and a 
high linearity. The inclusion of a temperature control in the reference signal al-
lows the control of the temperature operating point of the system, maintaining a 
constant receptor band-width.
The third sensor system presented in chapter 5, has been a 50 Km switchable 
EDFRL system for sensors remote multiplexing. This system allows the integra-
tion of different interrogation methods, based on wavelength or amplitude detec-
tion. This integration has been sequentially carried out through an optical switch 
that also allows the use of closer FBG wavelengths for all the sensors. Using this 
technique, no gain competition among different wavelengths occurs, as happens 
in multiwavelength lasers. Therefore, the utilized wavelength can be always the 
corresponding to the higher gain of the optical amplifier, in order to optimize 
the achieved distance of the system. A bending intensity sensor for high strain 
measurements and a FBG based low-strain sensor have been successfully tested. 
Afterwards, a novel multi-wavelength ring laser configuration for sensing appli-
cations by means of a DWDM and four FBGs has been proposed and experimen-
tally demonstrated. In this experiment, four single-longitudinal mode wavelength 
laser emissions have been obtained simultaneously, showing an OSNR higher 
than 55 dB. Emission lines showing bandwidths as good as 5.3 kHz have been 
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achieved. The sensor system has been tested for temperature sensor applica-
tions showing a sensitivity of 9 pm/ºC, and also for remote sensing applications.
The last part of chapter 5 has been dedicated to present a new fiber laser sys-
tem for enhancing fiber-optic intensity sensor measurements, based on a reso-
nant ring cavity. The main advantage of this method is its ability to increase the 
dynamic range of an intensity sensor up to 15 dB, while keeping good stability 
values. The solution is based on the use of a compound lasing fiber-optic ring 
resonator, within which the intensity sensor has been inserted. Because the re-
flected transfer function of the ring-resonator is used to generate the EDFRL, the 
lasing system is perfectly matched to work as a “self-interrogator” of the sensor. 
The resulting system shows an enhanced sensitivity and high stability, showing 
an output power instability lower than 0.1 dB. The proposed interrogation system 
is particularly well suited for any kind of transmissive intensity sensors and only 
requires two active elements, an EDFA as gain medium and an optical power me-
ter acting as detector. In addition, the concept has been tested for the develop-
ment of displacement sensors based on fiber optic bending. A study of different 
topologies (3 based on an EDFRL with different filters and another one based on 
a random fiber laser), has been carried out, achieving a dynamic range increment 
higher than 15 dB in the best case. 
6.2 CONCLUSIONES 
Desde la irrupción de la fibra óptica en las telecomunicaciones, han surgido mul-
titud de desarrollos basados en sus propiedades. Así, en las últimas décadas, la 
rápida evolución de los sistemas basados en fibra óptica, así como la aparición 
en el mercado de dispositivos como amplificadores ópticos, láseres de semicon-
ductor de alta potencia, y otros elementos, ha hecho avanzar considerablemente 
la investigación en este campo. Además de la utilización de la fibra óptica en 
telecomunicaciones, han surgido nuevas aplicaciones, generando nuevas famil-
ias de dispositivos. Dos de ellas, particularmente interesantes, son los láseres 
de fibra óptica y los sensores de fibra óptica. Ambas familias pueden combinarse 
de manera que  sensores y redes de sensores de fibra óptica pueden interrogarse 
por medio de láseres de fibra óptica. En este marco de investigación se centra 
esta tesis, donde se han desarrollado estructuras avanzadas de fibra óptica para 
láseres y sensores. El objetivo ha sido mejorar las propiedades de los láseres de 
fibra, sensores y sus sistemas de monitorización, así como abordar los diferen-
tes problemas que éstos presentan actualmente.
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El capítulo 3 se ha dedicado al desarrollo de diferentes configuraciones de 
láseres de fibra diferenciados por el tipo de cavidad utilizado, pudiéndose dife-
renciar entre: láseres en anillo, láseres de cavidad lineal y finalmente, láseres 
basados en espejos distribuidos o “random”. El desarrollo de los láseres se ha 
realizado teniendo como objetivo la mejora de sus parámetros fundamentales 
como la relación señal a ruido óptica (OSNR), su potencia de salida así como su 
estabilidad, el número de líneas de emisión y su anchura espectral. También se 
han tenido en cuenta propiedades como la operación en un único modo longitu-
dinal, y la posibilidad de controlar de forma independiente la amplitud de cada 
línea de emisión del láser.
En la primera sección del tercer capítulo de esta tesis se presentan cuatro nue-
vas configuraciones de láseres en anillo multilínea basados en fibra dopada con 
erbio (EDFRL). Cada una de ellas utiliza diferentes métodos de filtrado para se-
leccionar las longitudes de onda de emisión. Inicialmente, mediante redes de 
difracción Bragg (FBGs), solas o en combinación con redes Bragg con cambio de 
fase (PSFBGs). A continuación,  mediante Add-Drops, y por último, mediante una 
combinación de multiplexores-demultiplexores (MUX-DMUX). Con estas configu-
raciones se han obtenido láseres de fibra con potencias de salida en el rango de 
-10 dBm a 0 dBm; con un OSNR mayor de 65 dB para tres de ellos y de 55 dB para 
el otro. También se ha demostrado la condición de un único modo longitudinal 
de emisión (SLM) para tres de los láseres propuestos, con anchos de banda de 
emisión de unos pocos kilohercios. Finalmente, la inestabilidad de los láseres 
desarrollados se ha conseguido reducir hasta 1 dB; e incluso hasta 0.4 dB en 
uno de los casos.
La segunda parte de este capítulo se ha dedicado al desarrollo de un láser de cav-
idad lineal que opera en un único modo longitudinal. El método para conseguirlo 
se ha basado en una técnica de filtrado estrecho mediante la superposición es-
pectral de dos FBGs. Este láser presenta propiedades como su reducida longitud 
de 58 mm, un OSNR de 55 dB, una inestabilidad menor de 1 dB. Además opera 
en SLM con una anchura de línea de 5 KHz. También permite su sintonización 
mediante temperatura o estiramiento, manteniendo la condición SLM en el rango 
de sintonización.
La última sección del capítulo 3 se ha dedicado al estudio y desarrollo de láseres 
de cavidad distribuida mediante dispersión Rayleigh (random). En este sentido 
se ha presentado por primera vez una configuración laser RDFB con líneas de 
emisión por debajo del gigahercio. Esta configuración se ha basado en una téc-
nica de filtrado estrecho mediante la combinación de FBGs con PSFBGs. Se ha 
realizado un estudio sobre la evolución de la anchura de la línea de emisión del 
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láser en función del factor de acoplo utilizado en la salida del láser, así como en 
función de la potencia del bombeo Raman utilizado. A continuación, se ha exten-
dido esta configuración para conseguir un láser con 4 líneas de emisión con an-
churas que han ido desde 5 pm hasta 9 pm, e inestabilidades menores de 0.07 
dB. La reducida inestabilidad del láser es debida a la ausencia de modos longitu-
dinales de los láseres basados en cavidades random, y presenta una mejora con-
siderable en comparación con los láseres de fibra dopada con erbio basados en 
cavidades lineales y en anillo. Finalmente, para concluir el capítulo, se ha llevado 
a cabo un estudio comparativo entre un láser de cavidad random, otro en anillo 
y también con una combinación de ambos. De este estudio se puede concluir 
que la combinación de ambas cavidades tiene un efecto positivo a la hora de 
alcanzar el punto de condición laser. Sin embargo presenta una menor potencia 
de salida, así como la peor inestabilidad de los tres casos estudiados. Dado que 
los láseres comparados solo presentan una única línea de emisión y el medio de 
ganancia es inhomogéneo, la inestabilidad es muy reducida en todos los casos, 
siendo el peor de ellos el de la cavidad combinada de anillo y random. En este 
estudio también se ha demostrado que la cavidad random se puede modular 
independientemente de la frecuencia de modulación aplicada, lo cual es una de 
las grandes ventajas que presenta frente a la cavidad en anillo y la combinación 
de ambas. En estas últimas, las frecuencias a las que se puede modular están 
marcadas por las resonancias y por lo tanto por la longitud del láser.   
El capítulo 4 se ha centrado en el desarrollo de transductores basados en fibra 
óptica micro-estructurada (MOF). El objetivo principal ha sido explotar las venta-
jas que presentan este tipo de fibras en comparación con las fibras estándar. Las 
fibras MOFs presentan un menor módulo de Young que proporciona a los trans-
ductores basados en estas fibras una mayor sensibilidad ante el estiramiento. 
Por otro lado, las numerosas opciones de diseño de la sección transversal de las 
MOFs permite la fabricación de fibras altamente birrefringentes (Hi-Bi) para el 
desarrollo de sensores polarimétricos. Finalmente, las Hi-Bi MOF presentan una 
baja sensibilidad a los cambios de temperatura debido a que generalmente son 
fabricadas de un único material. A lo largo de este capítulo se han presentado 
tres sistemas sensores basados en las propiedades arriba descritas.
El primer sistema está basado en un sensor polarimétrico en reflexión para la 
monitorización de estiramiento. Su diseño se ha realizado mediante una fibra 
micro-estructurada altamente birrefringente. El sistema se ha caracterizado ex-
perimentalmente mediante un analizador óptico de la dispersión espacial refle-
jada (Optical Backscattering Reflectometer, OBR) cuyos resultados concuerdan 
con el análisis teórico del sensor. Después de este análisis, se ha realizado un 
diseño con un mayor coste-eficiencia mediante la utilización de un láser para la 
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interrogación del sensor, consiguiendo una sensibilidad de 7.96 dB/me y una 
respuesta a temperatura despreciable ya que la MOF está compuesta de un único 
material. 
El segundo sensor desarrollado se basa en la interferencia generada en la tran-
sición entre fibras monomodo-multimodo-monomodo, para la medida de estira-
miento. Para ello se ha utilizado una MOF de núcleo suspendido. Se ha realizado 
un estudio para caracterizar la influencia de la longitud del sensor, así como de 
la longitud entre los puntos de fijación del mismo, en la sensibilidad del sensor. 
Este estudio ha demostrado que la sensibilidad aumenta al incrementar la sepa-
ración entre los puntos de fijación debido al menor módulo de Young en com-
paración con la fibra estándar. Con este sensor se ha obtenido una sensibilidad 
máxima de -2.42 pm/me.
El último transductor está basado en una fibra MOF  con núcleo suspendido y asi-
métrico, y ha sido desarrollado para la medida simultánea de diferentes magni-
tudes físicas. El sensor está basado en dos patrones de interferencia generados 
por la birrefringencia de la fibra y por la transición monomodo-multimodo-mono-
modo, los cuales presentan diferentes sensibilidades ante estiramiento, tem-
peratura y curvatura. La discriminación se ha realizado mediante el filtrado a 
través de software de las componentes frecuenciales. Con este sistema se ha 
medido temperatura y estiramiento con resoluciones de 0.45ºC y 4.02 me respec-
tivamente, y también de ángulo y temperatura, con resoluciones de 1.69 grados 
en posición angular y 0.92ºC respectivamente.
En el capítulo 5 se han presentado diferentes sistemas sensores de fibra óptica, 
centrando su desarrollo en aspectos como la monitorización remota, la multi-
plexación e integración de diferentes tipos de transductores basados en fibra 
óptica, y finalmente la mejora de parámetros como estabilidad y sensibilidad de 
los mismos.
En el primer sistema sensor desarrollado se ha puesto especial interés en los 
aspectos de monitorización remota y multiplexación de sensores, consiguien-
do demostrar experimentalmente dos sistemas a 200 Km y 250 km capaces de 
monitorizar 4 FBGs que actúan como sensores. Ambos sistemas están basados 
en la interrogación mediante el barrido en longitud de onda de un láser, el cual 
es amplificado mediante ganancia Raman. Cada sistema está formado por dos 
fibras estándar de idéntica longitud, la primera utilizada para enviar la señal de 
interrogación y conseguir la amplificación por medio del efecto Raman, y la se-
gunda utilizada para conducir la señal modulada por los sensores hasta la ca-
becera, evitando así el ruido Rayleigh producido en la primera fibra. Con esta 
configuración se ha conseguido detectar 4 FBGs situados a una distancia de 250 
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Km con un OSNR entre 6 y 8 dB, lo cual supone el sistema de monitorización 
remota sin amplificación intermedia y con multiplexación de sensores de mayor 
alcance realizado hasta la fecha.
Seguidamente, se ha presentado un sistema para la monitorización de tempera-
tura, basado en la detección en el dominio eléctrico del batido de dos líneas la-
ser SLM, generadas por un EDFRL. Cada una de las líneas, correspondientes a la 
señales de referencia y del sensor, se generan mediante la utilización de PSFBGs, 
y mediante cavidades independientes. Con esta configuración se evita la compe-
tencia en ganancia entre ambas líneas, y por lo tanto se mejora la estabilidad del 
sistema. Los resultados obtenidos muestran una respuesta lineal con una alta 
sensibilidad de 1.55 GHz/°C. Además, incluyendo un control de temperatura en 
la señal de referencia, se puede ajustar el punto de operación en temperatura del 
sistema, manteniendo el ancho de banda del receptor constante.
El tercer sistema desarrollado se centra en la integración de diferentes tipos de 
sensores basados en la detección de variaciones en amplitud y longitud de onda. 
Este sistema se ha basado en un láser en anillo con una longitud total de 100 
km, lo que permite interrogar sensores a una distancia de 50 km. La integración 
de los diferentes sensores se ha llevado a cabo mediante un conmutador óptico, 
por lo que se ha podido utilizar la misma longitud de onda para los diferentes 
sensores. Este es un punto importante, ya que de esta forma se puede utilizar 
la zona de máxima ganancia del amplificador y a su vez se evita la competencia 
entre líneas de emisión. Se han demostrado experimentalmente tanto un sensor 
de curvatura basado en intensidad como un sensor de deformación basado en 
los cambios de longitud de onda de un FBG.
Seguidamente, se ha presentado un sistema sensor basado en un láser multi-
línea. El láser presenta cuatro longitudes de onda seleccionadas mediante FBGs. 
En este apartado se ha demostrado que el láser opera en un único modo lon-
gitudinal, con anchos de línea hasta de 5.3 KHz y con un OSNR mayor de 55 
dB, requisitos importantes para aplicaciones de monitorización. También se ha 
realizado una prueba para monitorización de temperatura consiguiendo una sen-
sibilidad de 9 pm/ºC. 
Finalmente, la última parte del capítulo 5 se ha dedicado al desarrollo de un 
nuevo sistema que es capaz de aumentar la sensibilidad así como la estabili-
dad de un sensor de intensidad, basado en una configuración de anillos reso-
nantes. La principal ventaja de este sistema es que consigue aumentar el rango 
dinámico de un sensor de intensidad en más de 15 dB, manteniendo buenos 
niveles de estabilidad en la potencia medida. El sensor se ha introducido dentro 
del anillo resonante. La salida de este anillo se ha utilizado como semilla para 
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la generación de un láser que actúa como interrogador del propio sensor. Esta 
disposición hace que el láser este enganchado a las variaciones de la cavidad, 
reduciendo considerablemente las inestabilidades presentes en sistemas que 
usan interrogación externa. Otra ventaja de este sistema es que sólo precisa 
un amplificador óptico y un detector de potencia como dispositivos activos del 
sistema. El sistema presentado permite utilizar cualquier tipo de sensor en trans-
misión basado en intensidad. Para analizar sus prestaciones, se ha probado el 
sistema para un sensor de desplazamiento basado en curvaturas. Para ello se ha 
realizado el estudio para tres topologías basadas en EDFRL con diferentes filtros; 
y otro basado en una configuración random, mostrando incrementos del rango 
dinámico de hasta 15 dB.
6.3 OPEN RESEARCH LINES
Once the conclusions have been exposed, some open research lines should be 
considered as continuity of the research lines which has been carried out in this 
PhD. work. Due to the variety of optical fiber systems that have been developed, 
three main research lines can be differentiated: optical fiber lasers, fiber trans-
ducers and finally, optical fiber sensor systems.
Fiber lasers
Regarding to optical fiber lasers, there are many parameters that could be im-
proved such as OSNR, output power, efficiency and stability. Therefore, this re-
search line presents many possibilities and could be further investigated in order 
to enhance fiber laser´s behavior. Also, as has been presented in this PhD. work, 
there are different ways to achieve a SLM laser, concretely one based on the 
equalization of the emission lines with similar output powers. This phenomena 
has not been clearly explained so far, thus, an in depth study of these SLM lasers 
should be interesting. 
On the other hand, Random DFB fiber lasers have been growing up in interest due 
to their main property of been a modeless cavity. The development of this kind 
of structures could be very interesting for sensing and also for communications. 
In this last case, and as it has been demonstrated, RDFB lasers can be internally 
modulated at any frequency. Therefore another open research line would be fo-
cused on the development of multiwavelength and modulated RDFB lasers, and 
the study of their parameters related to optical communications requirements. 
Finally, the use of SLM fiber lasers not only for communications or sensor inter-
rogation, but also for other fields such as the generation of radiofrequency sig-
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nals by beating their emission lines, could be another interesting line for future 
research works.
Microstructured optical fiber transducers
As it has been demonstrated, the use of microstructured optical fiber as trans-
ducers can increase the sensor sensitivity, and also can reduce its sensitivity to 
undesired parameters. Moreover, MOF transducers allow the monitoring of simul-
taneous measurements. These features in combination with the development of 
new techniques and the rapidly evolution in the fabrication process, reinforce 
the convenience of research in these MOF transducers. In this PhD. Work, tem-
perature, strain and curvature have been measured with MOFs, however a deep 
study for measuring magnitudes such as humidity, gases and pressure among 
others, would be highly interesting. In this regard, the use of new equipments 
such as the OBR and a precision splicing machine could contribute to facilitate 
this research line. Also, the use of specific software for simulating the MOF fields 
could contribute not only to compare the experimental results with simulations, 
but also to the development of precise MOF designs for specific applications.
Optical fiber sensor systems
In reference to the sensor systems two open research lines can be differentiated. 
The first is related to the remote monitoring, being their main goals the increas-
ing of both, the distance of the remote sensor with all active elements in the 
header, and the number of multiplexed sensors of the network. On the other 
hand, the development of techniques such as the ORR system for enhancing the 
sensors sensitivity, presented in this PhD. work, is another line to be considered 
for future research.
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